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' MEMORANDUM

SUBJECT:  Pretreatment Program Guidance
FROM: Jameg’K.“Elder, Director
Office of Water Enforcement
nd Permits (EN-335)

TO: Users of the Guidance Manual for
Preventin, Intgtfetence'at_POTw;:

This guidance”manual,waq“geVQlOped‘by‘E?A“ﬁbmiid”pdbliély
owned treatment works (POTWs) in identifying, tracking, and
mitigating interference episodes caused by discharges of
nondomestic wastes. Interference is defined in the General

. Pretreatment Regulations (40 C a 3) in te
discharge which, alone or ir with other discharges,
inhibits or disrupts the POTW and causes it to violate its

NPDESTpéfmit'Ofmappliédhlé'élﬁ&gé”héé”br”disposal,:egulations,

~ The legal responsibilities of POTWs and their industrial

users for avoiding interference are specified in the General
Pretreatment Regulations. The basic regulatory requirements
are explained in this manuzl and technical guidance is provided
to help POTW operators detect and determine the sources of
interference. i (BAC. CEERERINE >, BC

This document will be useful to all POTWs that may
experience interference problems, not just those that have
been required to establish federally-approved pretreatment
programs. Therefore, EPA is distributing it widely. Additional
copies of this guidance manual or further information about
the national pretreatment program can be obtained by writing to
the Permits Division, (EN-336), US EPA, 401 M St., S.W.,
Washlngtor}. D.C. 2046:”9. | - | . 004609

EPA is preparing another guidance document that deals
specifically with the development of local limits to prevent
interference and pass through. It was distributed in draft

; form for comment to States and EPA Regions in May 1987 and@d

: . will be mailed to all POTWs with federally-approved pretreatment

: programs when final. Additional information about th lo e
limits guidance document can also be obtained from t
Division. f o




. 2.1.1 Chronic Inhibition

Chronic inhibition refers to a more or less consistent pattem of impairment of
~ the functioning of the biomass in a biological treatment process caused by
influent pollutant concentrations that are above tolerable levels. Inhibition is

usually defined by a decrease in oxygen uptake rate or a decrease in COD/BOD
removal. If the inhibition leads to a permit violation, it then is classified as
interference. This type of inter! erence results from either a ¢
semi-continuous discharge of an indust:

inhibition may also result from the tota
a variety of inhibitory polluta.nts. sources of chronic problems tend to
be by-products of production actxvitxes such as chemxcal derivatives, rinse
waters and contact cooling water. _

The effects of an inhibitory pol.lutant on plant biomass vary dependmg on how
frequently and at what level the pollutant is discharged. ‘The more consistently a
pollutant is fed to the biological treatment process, the more chance the biomass

has to develop a "resistance” to the pollutant. If a pollutant is fed at a fairly'
even rate and concentutxon, the ‘biomass will generally eventually become
accustomed to or "acclimate” to the polluant, ‘and BOD removal efficiency will

no longer suffer. For this reason, a plant may experience operatxona.l problems
unless there has been sufficient time for the biomass to become acclimated, Jn
addition, discha.rges of toxics at ingh enough concentratxons can cause inhibition .
even in acclimated systems. ‘ .

. Although it does not always result in a POTW violai ‘permit limits,

' chronic inhibition can increase the overall expe d difficulty of operating a
treatment plant in compliance thh NPDES permit limits. For example, a plant
may have to be operated at an increa MCRT or require additional aera.tion o
capacity to counteract the negatxve effects of mhx‘oxtxon.v Dependmg on the
circumstances, this may involve s:gm!’icantly increased operating costs for
recirculating sludge at a higher rate or ‘providing more aeration. It may also
take away any reserve capacity that the plant might otherwise have had for‘ »
future growth. Therefore, POTW': experiencing chronic mlnbxtxon should take‘
steps to mitigate it even when there is no immediate threat of an NPDES permit
violation. :

2.1.2 Upset Conditions

The results of 29 case studies performed in conjunction with the development of
this manual showed that most interference problems are caused by intermittent
discharges of high-strength conventional wastes whxch overload a POTW's
organic capacity, causing plant upset. The term "upset” is used in this manual to
refer to an exceptional incident which creates a temporary non-compliance with
permit limits due to the impacts of the incoming waste characteristics on the
' treatment processes. Ducha.rges causing upset commonly come from food
processors ‘such as bakeries, dairies, breweries, canneries, poultry farms and
meat packaging plants. Examples of mterferences due to high-strength @01610

T

conventional wastes are provided by the Bayshore Regional Sewerage
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The kinetics and mechanism of the iron(111)-catalyzed decomposition of the chlorite ion have been mvsugated by usmg conventional k
batch, stopped-flow, stopped ﬂow—rapnd -scan spectrophotometric, and qucnched stopped-flow methods at 25 °CandinlOM

VaClO‘ The concentration vs time’ proﬁlcs were determined for chlomc i
in the 40 ms—several minute interval. It was conﬁrmed t‘hat the
the following reactions: 4HCIO, = 2C10, + CIO,;" + CF+IHY 4 H

n, chiorine dioxide, and. in a few cases, chioride jon

can be given as the appropriate combination of
207 SHCIO; ='4CIO; + CI + H* + 2H,0. The proposed

mechanism postulala that the catalyuc decomposmon is initiated by the’ formation of the FeClO,** complcx and the rate-de-
termining step is the redox decomposition of this species. The mechanism was validated by model alculauons based on the GEAR

algorithm. The measured and calculated hnetlg curves

It was shown that the overall stmchxomelry is bncucally éomrolled an

agreemcn! under a variely of experimental conditions.
timately dctcrmmed by fast secondary reactions between

various chlorine species. 'ﬁns work represents the first totally inorganic apbhcauon of the quenched stopped-flow method. Several

aspects of this technique ate discussed.

Introduction

In-aqueous solution, the dxsproporuonanon of the chlontc ion!
exhibits complex stoichiometric and kinetic patterns.? The
stoichiometry is kinetically controlled® and can be expressed as
a linear combination of eqs | and 2.

4HCIO, = 2CI0, + CIO," + CI +2H* + H;,0 (1)

SHCIO, = 4Cl0, + Cr +H'+2H,0 (2

The rate of dxspropomonauon is sxgmﬁcamly enhanced by
various inorganic and organic species. “This was frequem!y utilized
in chlorite ion based oscillation reactions® or in other systems
showing exotic kinetic phenomena.’

Ferric ion catalyzes the CIO,” decomposition.t* On the basis
of spectrophotometric experiments, Schmitz and Rooze! reported

that the reaction order with respect to chlorite ion, ferri

chiorine dioxide is 2, 1, and -1, respectively. )
Recently, we have investigated the same system in the sub-

second region by using stopped-flow (SF) and stopped-flow~

rapid-scan spectrophotometric (SF-RS) methods. The formation®

of FeClO,2* (K = 13.8 M™) was found to be fast and y’

coupled with the decomposmon of the chiorite ion. ,Chlonnc

dioxide formation was observed in ‘significant amoums in a few

bundred milliseconds after n mmng the reactants, The formation

mercially available grade and were used without further punﬁc.
The concentrations of ClO;"; Fe®*, and the pH were varied i
ranges 0.001-0.25 M, 5.0 X 107%-5.0 X 107 M. and 1.0-4.5, respect

~‘The ionic strength was adjusted to 1.0 M with sodium perchiorate

pared from Na,CO, (Fisher) and HCIO,. The temperature was :

250 % 0.05 °C in all experiments.

'Conventional Kinetic Measurements. The reaction was trigger:
adding small aliquots of acidic Fe** solution to vigorously stirred ¢
solutions. The reaction mixture was immediately transferred ir
tightly sealed cuvette, and the spectra were recorded on 2 He
Packard 84350 UV-visible diode a| array spectrophotometer. Measurer
were made in both the presence and the absence of acetate, formas
chioroacetate buffer. The pH of the samples was cxther calculate
the basis of the appropriate equilibrium data (pH <2.3) or measured
a Radiometer GK2401B combination glass electrode attached to 2
diometer PHM64 pH meter. The electrode was ahbraled such tha
p()Hénine(er readmg directly gave the hydrogen ion concentration |
H*])

Stopped-Flow Measurements. The reaction was followed wit
Atago Bussan/Photal Otsuka Electroma RA-401 stopped-flow in
ment attached to an RA-451 ddta processor unit. The SF and St
traces were monitored with a Hamamatsu R374 photomultiplier 2

. 512-channel diode array detector, respectively. The SF traces were t

as the average of at least five replicate runs. In these experiments
base line was set 10 0.0 absorbance with 1.0'M NaClO,; thus, the re
can be compared directly to other spectrophotometric data.

try. At various reaction times, 25-cm* aliquots of the

of the FeClO,** complex, which is not included in the Schmitz

kinetic importance in the overall mechanism.

and Rooze mechanism, as well as the fast initial steps is of crucial  PH was set between 3.3 and 3.7 by

In this study, the kinetics of the iron(11l)-catalyzed chiorite

ion decomposition were investigated by using'a combination of

conventional batch, SF, SF-RS, and quenched stopped-flow (QSF)

experiments. This appears to be the first totally inorganic ap-

plication of the QSF method.'® It provides direct information

for the concentration vs time proﬁ]s of the reactants and’ products
in the sub-second time domain. These data an
can serve to develop and verify a dctalled mechanis 3
decomposition of ClO;” under a’ wide | range of cxpenmcmal
conditions. At the same time, we expect that the results will

contribute to our understanding of the chemistry of the chlorite

ion.

Experimental Section

Chemicals. The recrystallizatio of
available sodium chlorite {OLIN: app
preparation of the uon(ll!) stock
Chloroacetic acid was twice recr
chemicals, sodium fluoride and f 50!

sodium acetate and perchloric acid (Fisher), were of the highesi'com-

0O, from commermally B

of 0.5 \( Val’-‘ solution and
d}ng appropriate amount
chloroacetate buffer. Thus, iron(111) was completely converted

:“catalytically inactive fluoro complexes and the decomposition was s

ped Since the final pH was relatively high, the uncatalyzed decor

... sition of the chlorite ion was also quenched In a carelully sealed cuwv:
" the spectra of the samples did niot change over more than 15-20
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(1) Chlorite ion and chlorous acid are in fast acid—base equilibria anc
... Present in a concentration ratio determined by the actual pH. In
paper, the two species will be distinguished only when it is requirec
the clarity of the prmnunon
(2) Gordon, G.: Kieffer

;. Chemistry, prpa

(3)
@) in, ations and Traceling Wave
2 Chemical Sy:tems Fleld R.J. M Edis Molep, New Y
1985; pp 257-286.
De Kepper, P.; Boissonade, J.; Epstein. . ys. Chem. 1990

6525 and references therein, =

Launer, H. F.; Wilson, W. K_; Fiynn, J—r Se.
= 1943, 51, 237.

(7) Launer, H. F.; Tomimawsu, Y. J. Am. Chem. Soc. 1984, 76,
(8) Schmitz. G.. Rooze H. Can. J. Chem. 1984, 62,2211, 1988, 6] ¢
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Table I. Typical Stoichiometric Results from Conventional Kinetic
Studies for the lron(IlI);Cav.alyzed Chlorite lon Dwomp‘os’itibn' 3

ime, 100Ceo. 10Cao, 10°Cer. ACco,y/ Cowod
min M'O: MOOI M Cco, Ccr oxldn no.!
2 T S0 :
8.12 1.34 0.52 1.72 2.53 "3.01
7.53 1.66 0.7 1.74 2.32 2.98
217 0.96 2.25

40 620 244 1.08 173 227 296
100 476 320 140 177 228 297
150 412 352 1.85 179 228 299
00 364 369 1.62 173 228 300
300 305 391 181 188 206 300
450 239 421 195 190 216 302

*Conditions: Cep- = 1.04 X 10 M, Coor = 8.52 X 10% M,
Cucoom = 0.040 M, Cycio, = 0.030 M. * Average oxidation number
(3Ccoo; + 4Cqo, + SCo0,- = Cer)/ Ceioy-

This time interval was sufficiently long to analyze the reaction mmure'

by various methods.
Fluoride ion forms very stable nonabsorbmg complexes wuh iron-

{111),!24¢ and the concentrations of C1O," and ClO; could be determined

without interference by using the HP spectrophotometer. Ina few cases,
the total concentration of these two species was determined by using an

iodometri¢c method's in order 10 verify the spectropbotometnc results.

. The titrations were made with a Radlometer ABU93 Tribur
burette station which was connected to a Radlometer VVI
trator unit equipped with a standard P101 plaunum—-K40
pair (Radiometer). - o

The chloride ion concentration was determined by potentiometric
titrations with 0.002 M AgNO, solution in 70% methanol using a P101
platinum-F1012CI chioride ion selective electrode pair (Radiometer).'¢

Because of the relatively low concentration levels of chloride ion, the

+2.0% error of these titrations was higher than usual. The difference

between the concentration of mmall) added CIO;" and the sum of the

concentrations of CIO,, C10,", and Cl” was attributed to th

On the basis of this assumption, the calculated average oxidation number

nfirms that other chlorine species and/or oxygen is not formed
aificant concentrations.

Quenched Stopped-Flo Experiments.. “The QSF measurements were
made with a Hi-Tech ific Model PQ-53 Preparative Quencher
The basic concepts of this method and the details of the experiments will
be discussed in the next section:

Results

: , ‘cellent agreement with the theoretical value of 3 (cf. Table I).

Kinetic runs without added iron(1II) confirmed that the con-

tribution of the uncatalyzed pathway to the overall decomposition
of chlorite ion sharply decreases by mcrcasmg ‘the pH. "The

importance of the uncatalyzed pathway was found to be minimal
even at the lowest pH and iron(11I) concentrations apphed in this

study.

Figure 1 shows the typical spectral change observed in the
presence of the catalyst. The absorbance increase at 360 nmis
primarily attributed to chlorine dioxide formation. Inthe’ 230~
280-nm region, the net effect of the disappearance of chlorite ion
and the formation of ClO; is observed. In particular, in the far-UV
region, various iron species also may have some contribution to
the observed spectra. I%1% The spectral changes indicate that, after

3 relatively fast initiation period, the deoomposmon markedb slows N

down,

The same general kinetic profile was found under a vanety of
experimental conditions. However, in the presence of bulfers, the

decomposmon rate decreases. This is most likely the result of
complex formation between iron(111) and the buffer, wh:ch de-
creases the concentration of the catalytically active iron specws

'.ondon, 1964; Supplement No. 1, 1971.
fetal-lon Complexes, Part A: Inorganic Ligands, Hogfeldt’E Ed,;
llgaPAC Chemical Data Series No. 21; Pergamon Press: Oxford, UK.,
2
(14) "Pouli, D.. Smith. W. M. Can. J. Chem. 1!
(15) Gordon, G.. Tachiyashiki, S. Environ.
(16) Tang. T.-F.: Gordon. G. Environ. Sei. Te
{I7) Milburn;R. M.. Vosburgh, W.C. J. Am. Ch

('13 (2) Silién, L. G.: Maniell, A E. Suability Constonss, Chemxcal Society:

Soc. 1988, 77,1352,

(18) Popa, G.; Luca, C.: losif, E. Z. Phys. Chem. (Leipzig) 1963, 222 49

the chlorite ion. These spectral ob
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Figure 1. Typical absorpuon spectra for the 1ron(lll)-catalyzed decom-

posmon of chlorite ion as a function of time (0.5-cm cell). Cao,- = 5.20
107 M, Cp» = 1.10 X 107 M, and pH = 2.40. In the order of

, mcreasmg absorbance at 360 nm, the spectra were recorded 20, 30, 50,

80, 140, 240, 360, 600, 1000, 1800, and 4000 s after mixing the reactants.

_Dotted line: spectrum of Fe(II) at the same pH.
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“Figure 2. Selected stopped-flow traces recorded in a 10-mm cell for tbe

xron(ll!)»catalyzed deconipasition of chlorite ion at 370 nm.. C

9.93' X107 M and Ceo, = 6.67 X 107> M. In increasing order of the
' ‘absorbano:.C
5.51'X7107, 8.26 X 107, and 110 X 1073 M.

for these curves is 5.51 X 1075, 1.38 X 10, 2.75 x 10~,

In acetate, formate. or chloroacetate buffer, the decay of the

reaction rate byi increasing pH shows good correlation with the
ponding iron(IIT) monocomplex 1

slightly with pH in the 1.0-2.3 region. However, at higher pH
values and at longer reaction times, the ‘absorbance slowly de-

',creascs in the 360-nm region. Also, larger than expected ab-

 260-nm maximum of

hydrolyuc reactions of iron(I11). The formation of polynuclear
iron species isty 7px(:all) associated with slow spectral changes in
the UV region.'

_Chiloride xonﬂstrong}y affects both the stonchnomeu'y and kinetics
! yzed disproportionation of chlorite ion.3!* In the
present study. replxcate kinetic runs were carried out by varying
chioride ion concentrations up to 0.1 M. The corrupondmg
near-UV-visible spectra were identical within the expenmemal

. llmnauons Howcver. in the far-UV region, the ‘absogbance in-

tration levels.

plcxes ét fdw conc

absorbmg u'on(lll) chloro ¢

~““These measurements also confirmed that the product chloride ion

has at most margmal kinetic effect on the atalyuc decomposition
process.

A typ:cal data set for the stoxchnometry of the decomposition
n ratios of the reacted

ns are attributed to

001612
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is not sufficient to characterize the stoichiometry. This finding

is in contradiction with the results of Schmitz and Rooze.* Since

these authors did not report the details of their experiments; we

could not trace the source of the discrepancy. According toour

dauwa, only the combination of reactions 1 and 2 can properly

describe the observed concentration ratios. In this respect, t,'be‘

catalytic decomposition is analogous to the uncatalyzed reaction.

It should be added that lhestorcbxometry varies slightly withthe
actual concentrations and it also appears to change to some extent

within a given kinetic run, R

Typical SF traces at 370 nm are shown in Figure 2. Since
neither ClO,™ nor the catalyst solutions have significant absorbance
at 370 nm, the sharp increase at the very beginning of these curves
corresponds to the very fast formation of one or more new species.
In the first 15-20 ms, the rate of the absorbance change is con-
sistent with the formation of FeClO,**. However, other species
also may contribute to the overall spectral effect. Even with 1l
initial region ignored, the SF traces reflect composite kinetic
features. The experimental data could not be interpreted in terms
of a simple rate law. ‘

The interplay of various kinetic effects also was observed at

510 am, where. the primary absorbing species® is FeClO,™*. The
complex formation is rapid, and FeCl0,** is in pseudoequilibria

with chlorite jon. Accordingly, as the decomposition proceeds and
the chlorite ion concentration decreases, steadily decaying ab-
sorbance curves are expected. At lower chlorite ion concentrations
the SF traces were consistent with this expectation. However, ,

the absorbance change was reversed by increasing the initial

concentration of ClO,~. This obs

is characterized by a very weak absorbance at 510 nm. Still, at

high concentration levels, its increasing contribution to the

measured absorbance overcompensates the disappearance of the

FeClO,2* complex. v
The fast kinetic measurements presented here and reported
earlier provide ample kinetic information concerning the initial

part of the decomposition reaction. In general, the observed

spectral changes reflect simultancous concentration changes of
CIO,-, HCIO,, CIO,, Fe(OH)™, FeClO™, and possible other
iron(I1T) species. In addition, the equilibria between the corre-
sponding acid—base pairs are continuously repositioned

reaction, depending on the actual stoichiometry involving the

hydrogen ion. In the absence of b
climinated, but additional side rea ;
mation with the buffer, offset this advantage.

 In principle, the experimental data can be evaluated by using
- advanced fitting procedures and the concentration vs time profiles
can be calculated for each component. However, considering the
complexity of the present system coupled with the experimental

such as complex for-

limitations, the integrity of the results from such calculations is

questionable. For example, among the various components,

chlorine dioxide has the most characteristic spectrum and the most

reliable concentrations are expected for this species. In this

context, preliminary evaluation of the data by using a nonlinear

least-squares routine® gave somewhat ambiguous concentrations
even for ClO,. '
The applic
determining the concentration vs
and products. This fas : ‘ !
for studying biochemical reactions which are not associated with
characteristic spectral changes.?! Sl
The QSF method has not been generally applied in kinetic

profiles for the reactants

studies of inorganic reactions. Th ¢ of th nt
applied in this study is sbown in Figure 3. Basically, the QSF
method consists of two stopped-flow sequences whict C-
tronically controlled and monitored. First, drive I is ed

withthe  ° . ,
Ginetic 18 used in order to reduce the corrupted end-zone of the rea

servation probably can be'in-
terpreted in terms of massive chlorine dioxide formation. ClO,

1s, this latter problem’is

lication of the QSF method offcrsa poséfbi]ity of

ue was developed primarily

and the studied reaction is triggered by fast mixing of the reactants o1l

in mixer . By the end of this stage, the reaction tube is fill

(20) Fibidn, 1. Private coi"nmuniaktion._f,.y SSIE: " A General Purpose
Non-Linear Least Square Fitiing Program ;
(21) Barman. T. E. Travers.'F. Methods Biochem. Anal 1985 31, 1.

m; Debrecen, Hungary, 1982.
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Figure 3. Schematic of the quenched stopped-flow instrument,

with the reaction mixture. After a certain incubation period,
I is activated. The reaction tube is flushed in order to forc
reaction mixture out of the aging tube. Generally, 1.0 M Na:

concentration levels to quench the catalytic effect of any unrez
iron(III). Immediately following the flush, the reactic
chemically stopped by injecting the quench reagent into th
action mixture (mixer II). The collected samples can be
veniently analyzed by a variety of techniques.

Providing that the quench reaction is extremely fast, the ave
age of the quenched reaction mixture (1) is given byeg3, w
‘ L=V / Ve + 1/V) /2 + 1, ,

plug. The flush solution also contains NaF at relatively

- V1, Vi, Vo, ;. and 4, are the volumes of the reaction tube.
- delivered reaction mixture, and quench solution, the duration ti

of drives [ and 11, and the time delay between the two SF

- Quences, respectively. In order to obtain uniformly aged sam;

the speed of the two drives has to be synchronized such that 1,
= fu/Vq. Asa result of a detailed calibration, the reproducib
of the delivered volumes of the reactants and the quench and fi
solutions as well as their flow rates is £1.5%. With the ac:
configuration, the cumulative dead time (the shortest 1,) was ~
ms. '

In the stoichiometric experiments, fluoride ion effectis
stopped the catalytic decomposition of ClO,", and the contribu:

-« of fluoro complexes to the measured spectra was negligible. -

formation kinetics of the iron(III) monofluoro complex was

- vestigated in 0.02-0.4 M perchloric acid by Pouli and Smit

On the basis of the activation parameters given by these auth:
the estimated forward rate constant for the Fe** + F~ = Fe
stepis 5.4 X 10° M™' s~ at 25 °C, With this rate constant,

calculated lifetime of free iron(111) would be ~3 ms in 0.0
F~ solution.” In less acidic solutions, i.e. at pH >2.0, 2 much fa:
complex formation is expected because ligand substitution re.
tions of iron(11I) are much faster?? via Fe(OH)?* than via Fe

- Stopped-flow measurements in the Fe**—F" system were consist«

with this expectation. ) »
The ability of fluoride ion to quench the decomposition v

- further tested in SF-RS experiments by mixing solutions of CI¢

and F~ with iron(111) solution. No chlorine dioxide formation v
observed in these experiments, indicating that, for all practi

‘purposes, the catalyst was instantaneously deactivated. Sir

fluoride ion acts as a buffer (pK, = 2.95'%) and increases the |

« above 2.7, the uncatalyzed decomposition also was stopped. ¢

the basis of these results, fluoride ion was used as quencher
0.1 M or higher concentrations in the QSF measurements.

~In the first set of QSF experiments, the quenched samples wi
diluted in formate buffer and analyzed as detailed in the E
perimental Section. As seen in Table II, the results are consist
with the stoichiometric studies at longer times of the reaction.

~~-should be noted that, in the initial part of the reaction, the ¢
~-perimental error in the chlorite ion determination is comparal

ange. Therefore, only the [CIO,}/[C

" Society: Washington, D
therein.
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ble I1. Typical Stoichiometric Results from Quenched
»pped-Flow Studies for the Iron(I{I)-Catalyzed Chlorite fon
oomposition‘ ‘

o
O

- gure 4. Concentration vs time proﬁls obtained from the quenched
»pped-flow experiments for chiorite ion (a) and chlorine dioxide (b) a5

‘unction of the pH Insert: enlarged first portion of the same curves,

2ov = 4.99 X 107 M and Cppe = 1.39 X 107 M. pH: 1.25 (#):1.50

| ') 1,75 (0): 2.00 (W); 2.25 (a).

ncentration ratio should be considered tobe a relxable mdxmtorv o

the stoichiometry.
Typical kinetic curves are shown in Figures 4 and 5. These

pures, as well as Table II, demonstrate that otherwise unavadable '
~ 1antitative information could be obtain

ethod. Most importantly, the concentration vs time profiles for
‘ jon were obtained directly for the initial part of the

_reement with the results from conventional kinetic mea-

kby usmg ‘the QSF"‘

» 1008 0.63 ; ,9:.3,9 S ,‘,.2 14, e e i 28
1 10.04 1.01 0.42 238 5 TYe v .,
53 9.91 1.67 0.66 2.53 S k:c;; o M M 1
140 9.85 236 102 ©C. 00508 Fffe oz ¢ - .
037 9.60 39 hae 00308, . . © = =
. 041 9.60 3.66 1.3 o L - 5
037 944 419 1.67 oy .
042 9.46 4.56 1.65 . Gmtme s e e e e Tl
039 940 5.00 1.82 0.000 —— —
039 9.19 5.59 1.98 ) 0 100 200
038 9.02 598 2.17 i T
- *Conditions: Ceiop = 0.100 M, Cpoo = 8.26 X 10 M, Cucio, = TIME (s)
9 X 107 M; quencher 0.25 M NaF.
0.030 - ; )
0.060 | — ————— .0 s , .
i g ' - v ¢
: o v 7
i ¢ v =
¥ ' ; : < 8 v " fod -
2 ~ L N
"} 1 '\. ﬁc ‘ . 8 0.015 i O v o . & s
. 3 ]
0.030 (S .o. S o i .. =
: |} C ™ A4
v v 7
® » L ] L4 [ ]
0.000 ! - e 100 200
¢ 100 200
~ S : TIME (s)
TIME (s) Figure 5. Concentration vs time profiles obtained from the quenched
stopped-flow ¢ expenmenr.s for chlorite ion (a) and chlorine dioxide (b) as
15 ¢ - - a function of the chlorite ion concentration. pH = 1.75 and Cyo+ = 1.39
b . © X 107 M. Ceio: 9.99 X 107° M (8);,2.50 X 1072 M (v); 4.99 X 1072
; m o, W H M (m); 7.50 X 107 M (D); 9.99 X 10 M (¥); 0.150 M (0).
: S e ]
| v
< 0.010 + n i; £ ° ¢ Table III. Comparison of Conversions in QSF Expcnmcnts and in
) : o ¢ . oo an Open Reaclor aftcr 3 mm Reacuon Time* ‘
5 : s o ¢ | . : % reacted chiorite ion
? ! $§ t s L pH 10°Cgoe, M QSF exp‘ open reactor
0.005 * et 1.25 1.40 433 T 872
i ' 1.50 1.40 474 63.3
ok 1.75 1.40 48.5 71.6
- L (X3 2.00 1.40 50.0 R 68.6
. 1.75 2.79 45.2 79.9
0.000 e 4.4 .9
: R 7 ) 4. K
0 100 200 1.75 4.19 540 83.6
' *Coroy = 0.100 M. *Interpolated values.
TIME (s)

alized by assuming either the steady removal of the mtalyucally
active iron(III) species or, as suggested by Schmitz and Rooze,}

a mechanism in which the product CIO, inhibits the decomposition.
In order to dlsnngmsh between the two possibilities, several QSF
runs were repeated in an open reactor by continuously purging
the reaction mixture with N,. Thns method was sufficient to
remove substanual amounts of chi dioxide, though the ef-

~ ficiency was not quantified. In spite of the sermquanmzuve nature

of these experiments, the companson of the corresponding con-

. version data at the same reaction time (Table I11) proves that more

chlorite ion decomposed in the open reactor; i.c., the inhibition
is probably associated with chlorine dioxide formanon

Discussion ‘
The Mechanism. A detaxled )uncﬂncﬁ mpdel for the uulyuc

rements, the reaction rate exhibits negligible pH d pendence
the pH 1.25-2.25 range. The disappearance of chlorite ion dnd

¢ formation of chlorine dioxide show analogous kinetic patterns

the entire time domain, each g the autoinhibitive
aracter of the decomposition. This observation can be ration-

""" decomposition of CIO, " is summar

'xs initiated by complex formation between chiorite i

g

(111). The'i intrinsic mechanism for the FeCIO 2+ -
cludes fast protolytic equilibria bctween the wn&sm ‘

001614




2148 Inorganic Chemisiry, Vol. 31, No. 11, 1992 |

base paxrs and the ligand subsmuuon steps with Fe* and Fe-

(OH)** (the first five reactions in Table V). The SF experiments
also confirmed that the redox decomposition of the FeClOJ" ‘

complex competes with its formation, and the value of 30.1 5!

was estimated for the corresponding first-order rate constant Two}) .

alternatives can be envisioned for the decomposition:

FeClO* = Fe(IV) + CI(I) (&)

FeClO;** = Fe** + CIO, (5)

Direct experimental evidence appears 10 be unattainable to dxs-,
tinguish the two possible pathways. However, reaction 4 can be

rejected on the basis of the foflowmg arguments.

The FeClO,** complex shows intense absorbance in the visible
region. Similar to those of other u'on(IIl) complexes, this spectral
feature is assigned to 2 ligand to ar
Accordingly, one electron of the hgand is partially
the metal center, makmg more favorable the decomposition via

" reaction $ than that via reaction 4. An analogous internal oxi-
dation-reduction pathway was suggcsted for the decomposition

of the Co(NH,)(ClO,** complex by Thompson n

The fact that chlorine dioxide was observed in the very carly
phase of the reaction also suggests that reaction 5 is the main

pathway of the decompasition. If FeClO,** decomposed by means

of reaction 4, chlorine dioxide producuon would start onlyina

subsequent step between CI(11) and presumably chlorite ion. Thus,

| be expected in the concentration vs
time profiles for C10,. No suc mcubanon period was observed.

: ing agents, such as chlorite ion . -

an incubation period would

In the presence of strong o:ud
or chlorine dioxide, iron(Il) is rapndly converted into iron(I1I).

For the oxidation of Fe** by chlorite ion, the mechamsm shown

in egs 6~8 was proposed by Ondrus and Gordonz‘ {since the exact

Fe* + ClO,~ = Fe'* + [CI(II)}
ky=20%x10° M s ©)

Fe* + HCIO, = Fe* + [CI(II)]
ky = 5.8 X 10° M~ 5! ™
{CIID} + Fe* = Fe’* + HOCl  fast  (8)

composmon of the transient species is not known, these equauons o

were not balanced).

shown in eq 9, can be derived for the overall

v= (k,[CIO.] + lc.[HCIOz])[Fe’*]' '  j )

10*-fold excess over iron(1I). In addition, the reacnons ‘

of CI", are generally fast.!!?* Accordingly, a fast reaction can

be envisioned between’ the chlonne(II) mtermedxale and chlome ,

ion (reaction 10) which is superior to reaction 8 and replaces it
in the Ondrus—Gordon mechanism.

ICIID} + C10," =CIO0-+Cl10,  ~ (10)

arge-transfer band.
ted toward

Fabnan and C

mdlsunguxshablc and gwe cqunalcm mlcrprelauons oft

dation, in further discussions only the inner-sphere mec|
“will be’ oonsxdcred At this point. it should be emphasiz
the forward rate constant for reaction $ was estimated on 1t
of SF experiments in the first 40-50 ms of the overall rea
where the contribution of ClO; 1o the oxidation of Fe*

- ‘sumably small but not necessarily negligible. According

a;nzmated‘valuc for ky appears to be reliable only within a
of 2-3..

By using the correspondmg standard electrode potc

- Schmitz and Rooze? estimated the equilibrium constant b

the Fe**/Fe™* and C10,/Cl10;" redox couples in 1.0 M N
at 25 °C: K = [CIO][Fe**]/([Cl0,)[Fe*)) = 2.7 x 10"
this value and the stability constant of the FeClO.>*

K, was calculated to be 2.0 X 10°* M. On the basxs
equilibrium constant and k, = 30.1 57, 1.5 X 108 M~ s
obtained for k. Obwously. these values are only as good
equilibrium and kinetic parameters used for their estin

- While the standard electrode potential for the Fe3* /Fe*

appears to be well established (¢° = 0.771 V), there is ¢

ambiguity in the value for the C1O. /Cl0~ couple. For ex:
the standard electrode potential used by Schmitz and Roo:
=0.935 V) is 133 mV less than the value recently recomm
by Bratsch? (¢° = 1.068 V). Earlier electrode potentials |
CIO,/CIOq couple suggest even larger divergence.” A 12
variation in the electrode potenual results in more than 2

- of magnitude uncertainty in K, and k.

At longer times, the ClO, concentration increases ar

- oxidation of Fe'* by chlorite ion becomes less important

compared to reaction S. The chlorine dioxide production

‘down, and the system approaches an equilibrium state, wt

primarily determined by the complex formation and react
This mterpretanon is consistent with the inhibitive feature
overall reaction. It should be added that, in various redox rea

* of oxychlorine species, ClO, is one of the final products -

does not react with other chlorine species. Therefore, no
chemically acccptablc pathway can be envisioned for the ch

, ‘Adloxxdc inhibition in the present system.

Additional steps of the’ ‘mechanism include the reacti
hypochlorous acid, formed in reaction 11, with chlorite ion.
reaction has been investigated under a variety of experirr

- conditions.! 151625383 1t ig generally agreed that higher rez
- concentrations, lower pH, and chlorite ion excess favor th
- .mation of chlorine dioxide over chlorate ion. 'In acidic solt

the hypochlorous acid—hlerite ion reaction is cxu-cmely fas

~ probably does not become rate determining in the chloril

decomposition. As a consequcnce hypochlorous acid c:

--accumulate in this system and is in steady state. Neverth

C10,” and lower oxidation state chlorine specics, with the exccpuon «og precise kinetic model for the HOCI-CIO," reaction is cr

because the final stoichiometry is determined by the de.

~balance between the two competing pathways leading t
- formation of ClO, and ClO;".

With a few modifications, the mechanism proposed by Pe

| etal.' wasadopted for the HOCI-CIO-" reaction. Similar to

kinetic models, this mechanism postulates the formation ¢
rcacuvc Cl 0. mtcrmedlatc

For the reaction sequence of egs 6, 7, and 10, the rate lawand ¢3¢

stoichiometry are given by eqs 9 and 11, mpecuvely “In principle,
Fe?* + 2CI0; + 3H* = FeX* + HOCl + CIO, + H,O0 (11)

the product HOCl is in fast acid-base equilibrium with (olox ®K,

~ 7.5).!13 However, in the applied pH region, this equlhbnum

is completely shifted to HOCI and need not be. considered in the

mechamsm

- Tron(1!) is also oxidized by the product chlorine dio ide, 2 and

as the reaction proceeds, this palhway becomes mcreasm§1y sig-
nificant. The oxidation may occur in a single outer-sphere step
or in an inner-sphere process, which implies that reaction 5 is
reversible. Since the two altcmauve pa!hways are expenmentaﬂy

,ﬁnieis

(23) Tbompson R. C. Inorg. Chem f979 l8 2379
{24) Ondrus, M. G.; Gordon, G. Inorg. Chem. 197211985
(25) Emmenegger, F Gordon, G. Inorg. Chem. 1967,6, 633,

‘ Rate oonstant k.o is mlculated by using

cxo + HOCI +H*= c1,oz +HO
' k=1.1x 10 M2 ‘

By takmg into account thc protonauon of chlorite ion as ¢
preequilibrium, one can rewrite eq 12 in the followmg {

l¢,‘21 X 10‘\4"5"

"2 £ ‘

89, 18.1.
entice-Hall: Engle

acid.

("6) ‘Braisch, S.G. J'P



The following two steps were justified for the Cl1,0; interme-
e ' . :

C]:O: + C]O:- = 2C]02 + Cl- (14)
Cl,0, + H;0 = ClO;" + CI" + 2H* s
1 .he rates of these reactions have different concentrétion

0.100 ;

. ces. the corresponding rate constants could notbede-
" -mined, only their ratio: ky /k;; = 5.4 X 104 M1, Thcé,Oz '

ermediate is prsumably in steady state; i.c.. reactions 14 and

should be considerably faster than reaction 13. Inorderto
- tain this condition, k, =5 X 10t M" stand k, = 9 3 x 103

were used for the calculations.
ide ion and hypochlorous acxd

lorine is formcd whzch"m t‘urn reacts wuh chlorite ;on” (k,, -

ported by E:gcn and Kusun"’ ‘were accepted wuhout modlﬁ-k
tions.

Pcmder et al. also found some cvndcncc for another thxrd-orderk ,

nween Cl0,” and HOCL:
2HOCI + CI0;” = CIO;” + Cl, + H,0
k=21%X100 M35

We propose an alternative interpretation of reaction 16, whnch
cludes the formation of chlorine monoxide:

-(16)

2HOCI = CLO + H,0 an

Cl,0 + ClO; = CIO;” + Cl, 18)

Although the formation of chlorine m
ition and an equilibrium constant_ for reac
v Roth?®' as early as 1929, this species has ne

"ev' s mechanisms for the HOCI-CIO, }eacnon Kinetic

elated 1o reaction 17 indicated that it is catalyzed by

a'ion and acetic acid.’*>*  According to a recent report

each and Margerum,’ the equilibrium constant (K,s) and
: 1e forward rate constants for the uncatalyzed (k:s) and acetic
cid catalyzed pathways are 1.15 X 10~ M, 0.12 M~ s/, and
80 M2 57, respectively. The forward rate _constant :
ydrogen ion catalyzed pathway*? (k;¢) is 3.1 M2 st

The comparison of the rate constants for the oxgdatxon ofthe
. Si(CN),* complex by Cl1,0, Cl;, and HOCI demonstrated™ that £

Ccio; (M)
©
e .
o -
O
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Pou
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anure6 Companson of a few experimental and simulated (dashed lines)
: kmeuc curves for chlorite ion (a) and chlorine dioxide (b): Coo,- = 4.99
X102 M, Cpae= 1. 39 X 107 M. pH' ='1.25 (m); Cero; -=499x10"
M. Crv = 1.39 X 107 M, pH = 2.00 (0); Coo,-'SOOX 102 M, Cgpoe
= 4,20%X107' M, pH = 1.75 (a); Ceio- = 2.50 X 1072 M, Cppse = 1.39
X 10~ M, pH = 1.75 (v); Caio =7.50 X | 1072 M, Ceo» = 1.39 x 107}
M.pH=1.75(0).

pt, all reaction steps were incibdéd in

g these species. If
> may have a central

. hlorine monoxide is the most reacti
his reflects a general trend, chlorine monoxide
ole in the HOCI~CIO," reaction.

Under the expcnmental conditions applied by Peintler et al.,!

~ eaction 17 can be regarded as a fast preethbnum On the bas:s_( L
f this approxxmauon rate constant k: is caiculated to be 1.8

<108 M ;
The mechamsm for the HOCI-CIO," reaction is complete with
.« additional step resently proposed by Gordon and Tachxvashxh 18

C1,0, + HOC! = CI0,~ + Cl, + H* (19)

As a starting point in the calculations, we use the sam

dioxide product

at most, mé?gi/ha kinetic impo y
to be diffusion controlied. Therefore, reactions 17, an
consequence 18, and 19 were rejected in further cal

usly increasing k,, and sing K (i.c.

'ﬁ “onstant for this step as for reaction 11, i.e. k;y = 5 X 10

Calcuhnons. ln order to validate thc ‘mechanism, con tgauon .

proached the

b systematic variation of the

paramexcrs gave 100stand 1.3 X

k, and K. respectively. Modification of these parameters did not

affect the stoichiometry of the reaction.
“In contrast to chlorine dioxide chiorate ion is formed only

30) Elgcn M. Kustin, k J Am

‘ Soth, W. A Z. Phys Chem. Abr A 1929, 45289 = oo
: ain, C.G..Crist. D.R. J. oc. 1972. 9¢4. 3195,
o\ '8 i & s constants for th C

acl. G. C. J. Chem. Soc
(34) Beach. M. W'.: Margerum. D."W " Jnorg. Chem. 1990, 29, l225
{38) Hindmarsh. A C. GEAR: Ordinory anjzrelmal Equation Solter.

Technical Report No. UCM-3001, Rgu}snon Lawrcncc Lwermore

¢ th xscrcpancyubctween the measured

only possible way 16
ify the intrinsic rate

and calculated

Laboratory, Livermore. CA. 1972
136) " Pentier. G. Private communication. ZITA 2.1, a sofrware pockage for
simulenng and fitting kinetic curves, "Szeged. Hungary, 1991,

The rate-determining step in the overall mechamsm is the redox

“are very sensitive to the actual parameters for

Q@iﬁls

PR



Fabidn and Goy

o Complex Formation
H* + ClO," = HCIO, fast equil
K o=525M :
Fe’* = Fe(OH)Y" + H’ fast equit
K:=182X10°M , B » , ‘
Fe’* + ClO,- = FeClO;?’ k, 2.7 % 107 10 27 x 10!
Ky= 138 M kg 19.5 10 19.5
Fe(OH)*™ + ClO,y = Fe(OH)ClO - ke 5.0 x 10° 10 5.0 x 10
KKi=176x10° \(' : s k /K. 0.66 10 0.66
Fe(OH)ClO *+H*= FcClO~ fast equil
K.K,=76X10’\4 ,
: Decomposition of the FeClO.** Complex
FeClO* = Fe* + CIO0; Lk, 301 10 100
Ko=20x10%M k_, 1.5 x 10° 9 7.6 % 10%
y o Oxidation of Fe®*
Fe** + ClO," — Fe** + CUID k- 1.9 x 10} 24 1.9 x 10?
Fe** + HCIO, — Fe** + Cl(I) ky Joxo! 24 30 x 10
ClO, + CI(I1) — HOCL + CIO, _ very fast
I Reactions of Chlorine Species ‘
HOC! + HCIO, = C1,0, + H,0 kyo 21 x 10t 1 2.1 x 104
Cl~0~ + CIOQ = ZC!Os + Cl' 1" S0 x ]O‘ 11 5.0 x 10’
CLO, (+H,0) = Clo; + CI + 2H* e Ky 9.3 x 10} 11 1.0 x 107
HOCI + CI* + H* = Cl, (+H,0) kiy 1.8 x 10¢ 30 1.8 x 10¢
Ky = LT X10° M2 o ki3 1 30 1.1 x 10
Cly + Cl0," = C1,0, + Cl‘ ki, 3.7 x 103 11 37T x 108
2HOC) = Cl,O (+H Q) - ks 0.12 34
Kis =115 X 102 M ‘ ks 11 34
2HOCl + H* = CI,0 + H* (+H,0) ki 3.1 32
K“ = K| . k'ls 2.7 x 10° 32
Clzo + ClOz = Clo, + Cls kn 1.8 % lO’ [ 4
Cleg + HOCI = Clo; Clw + H* v k" 5. 0 x 100 e )
‘i-'arsb second-, and third-order rate constams are m s“ M“ s" and M- ;" respecuvcly *The rate constants in set A were dlrcctly obtain

from or estimated on the basls of the correspondmg reference. *See text. ¢ According to ref 11, ' /k,~ =54x 10 \4“ 'Esumated in this wor

on the basis of the modxf‘ ed set of rate constants (set B, Table o

IV) correlate excellently with the experimental results. Examples
are shown in anurc 6.

At longer reaction times and at higher pH values and chlorite

ion and iron(III) conccmrauons.

the calculations tend to predict
faster than observed decompos

ing strongly suggests

that the inclusion of additional steps may be necessary to obtain

a more precise mechanism for the decomposition.
Theoretically, a better data set could be obtained for the rate

constanits by combining the simulations with a nonlinear least-
squares fitting procedure as is described in detail elsewhere.”!

However, a meaningful fitting procedurc will require more reliable
parameters for several independent steps of the mechanism, stch

as the rate constants of the HOCI-CIO," reaction and the
equilibrium constant for reaction 5. Because of the lack of these

data, which necessarily must be obtained from independent studies,
no further attempt was made to optimize the kinetic model.

Conclusions. The application of a variety of fast kmeuc;'
techniques made it possxble 0 explorc the initial part of the
iron(111)-catalyzed chiorite ion dccomposmon It was demon-

strated that the QSF method can fully be used for | Siudymg

inorganic reactions. The main advantage of this method over other

fast kinetic techniques is that the samples can be analyud by using
conventional analytical procedures and the concentration vs time
profiles are readily obtained for the reactants and products. The
cumulative dead time is about 1 ordcr‘ of magmtude hxgher than
it is with the SF method. However, this disadvantage is partly

offset by the fact that the same rate  constants can be determined

by using lower initial reactant concentrations. ‘This is because

pseudo-first-order conditions do not bave to be maintained during

the kinetic runs,
In spite of the obvious adv

is not suitable for the detecti | 1tion ¢
transient species. Therefore, the QSF, SF, and SF-RS

‘ should bc oonsuiered as complemcmary techmqus wluch togeth

may provide comprehensive kinetic information for a wide varie

_of reactions.

__The kinetic mode! obtained for the decomposmon of chlori
ion gives a reasonable description of the reaction rate and stc
chiometry. It was confirmed that the precursor in this mechanis:
is the FeClO,* oomplcx and the rate-determining step is its redc
decomposition. ‘Although the calculations indicated that addition.
steps' may have some effect on the reaction, we believe that a

kinetically significant steps have been included in the mechanis:

for the conditions applied in this study. In other words. th

~ mechanism proposed corresponds to the minimum basis set ¢

reactions. However, it should be emphasized that if the expe:

" imental conditions are significantly different from those reporte
here, the mechanism may prove to be incomplete, requiring th

postulation of other reaction steps.
On the basis of the mechanism, the possible effects of iro

k 1mpumm on the reactions of chlorite ion can be estimated. Fo

example, in the presence of 10 M iron(1Il) and at pH ~2.C

~ 2-4% of the chlorite ion decomposes in about 5 min, after whic!

the decomposition practically stops. In terms of stoichiometry
this concentration change may be negligible, but the kinetic. rol:

~ of the transient spec;es formed in the catalytic reaction may bx

significant. Also, in open reaction systems, ‘which allow the los:

~ of chlorine dioxide, the effects of the dccomposxuon may be mort

pronounced. The results indicate that impurities may significantly
alter the reactions of chlorite ion even at very low concentratior

_levels.

~ Acknowiedgment. We thank ‘v(r Gabor Peintler of Szeged
i ion of the prqgram ZiTa used in the
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Removing Chlorite by the
Addition of Ferrous Iron

Angela Iat;zu a;i’ ; Wzllzam R. Knééke

The application of chlorine dioxide in water weatment has been limited duction to CT could greauy enhance the
because of concerns about the heahh effects of residual chlorite (C10:7) and  potental for C10; usage in drinking water :
chlorate. This study invesrigated the feasibility of using ferrous iron (Fe(IT}) weatment. -
10 reduce chlorite concentrations. Luboratory tests indicated a required  Recent studies have investigated the
reaction swichiometry of 3.0-3.1 mg Fe(l)/mg CI0-". The reaction rate was use of granular activated carbon (GAC) .
rapid for pH values of 5 and greater. Interference from dissalved oxygen was  and reduced sulfur compounds for i i

- minimal. The ferric hydroxide salids produced as a by-product of the Fe(Il)- ble elimination of C10;". Curdonetal’pub- . [

C10y" reaction had no adverse effect on alum coagulation for the removal of lished informaton regarding the stoichi-

rurbidity and dissolved organic carbon. o omelry and rate of reaction between sulfur

‘ , .. dioxide-sulfite ion and ClO;". These au-

The use of chlorine dioxide (ClOx) asan  uihalomerhanes. _However, one major thors found that 90 percent of C10,” could
oxidani or disi int (or both) in drink-  problem is that 50-70 percent of the ap-  be removed with reaction times <15 min.
ing water ireatment has frequently been  plied CIO; often remains as residual chlo-  However. Dixon and Lee® repurted thar

considered by utlites seeking to contral (C102).! Concern about residual con-  the reacnon of sulfur diaxide with C10.~
. full report of;;;projg will be svailable  (C10

ons of C10:, CIO;", and chlorate  led to the formation of significant amounts

f this project ailob has resulted in limirations on the  of ClOs™ in waters containiny dissolved

-om the AWWA Research Foundariax, dosages of C10y applied. Elimination of oxygen (DO). GAC columns were shown
6666 W. Quincy Ave., Denver, CO 80235, these reaction by-products by further re- 1o have limited effectiveness for Cl102” re
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Figure 2. Comparing measureatent of

ttrimeter and by an ion ¢hromato-
graph

moval; some ClOs~ formarion was noted

across the dium. Griese etal' also
found CIO; ton o be a problem
when using sulfur dioxide.

Ondrus and Gordon® investigated the
kinetcs ‘of interaction betwesn ferrous
iron (Fe(fl]) and C10:", finding thar ac-
ceplable rates of reaction could be

achicved. These studies were conducted

under conditions of extremely low pH and
high ionic strength.

More recently, Griese eg al' reported
on laboratory-'and pilor-scale smches at
Evansville, Ind., in which Fe(Il) e

reduced C10: from drinking water. fn thxs:

situation, a0 C105 appeared 1o be iorm-.-d

ax a by-product of the Cl0:™ reducrion re-
action. It should be noted that excess

Fe(U) dosages (well above the stoic

metric requirement) were udlized but the

authors did not investigate the fate of the
excess Fe(l).

Anather area of specific concern. fa

garding C10: usage is the presence of
residual Cl1Oy". Chlorate is formed as a

by-product of feed stock impurity. bef
cause of inefficiencies during Cl0: gen-
eration or by chemical oxidation of re-
sidual C10;™. This research study did not
evaluare the possible removal of residual’

Cl0y by Fe ().
The objectives of the study were

¢ to evaluate both the stoichiome-
try of and the reaction kinetics be-

tween Fe(Il) and Cl0;" as a function of
solution pH. temperature, dissolved
organic carbon (DOC) concentration,
and DO concentration;

* 10 assess the potental for formation
of C107" as a by-pruduct of the Fedl-
Cl0:" reaction:

* 10 ‘assess the fate of iron dunng
treatment, including potenual problems

that may develop as 3 result of excess”

Fe({f) addidon; and

* to evaluate the effcct of ferric hydrox:
_ ide solids [formed as a by-product of the
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Figure 4. Eifeu of solution pH an the
rate of reaction berween ferrous iron
and chlonte (nmperarure—ZS'C

(temperaticve—25" C)

Fe(ll)-ClOg reacnon] on alum wagula-
tion for turbidity and DOC removal.

v Exudmmhl methods and materials
Tost and look sohstiens. All solutons

were prepared using distilled, deionized

~water.” DO concentrations were mini-

mized (<0.5 mg/L) by bu‘bbhng nitrogen

gas lhw\.gh the solution for a minimumof

15 min prior 1o any chemical addition.

* Background ions added to the soluton
_included sodium bicarbonate (1.5-2
‘meq/L), calcium chloride (1.0 meq/D

and sodium sulfate (0.25 meq/L) to s;mu-

late representarive freshwater conditions.

of either nifric acid or sodium bicarbonate
“and was monifored with a pH meter.7

Stock Fe(lD solutions were prepared
TH:0 crys-
wals. Prior o Fe(ll) addinon, the solution

‘was deaerated and acidified 10 pH 2.0

using nitnc acid Stock Fe(Il) solutions

were sealed with parafilm 1o minimize ox-

ygen trunsfer and subsequent Fe(ll) oxi

“dation. Stock solutons were’ prepa’red at

least every two days during testing or
when any visual evidence of Fe(ll) oxida-

The stock C10.” solution
by adding sodium chlori
flakes$ w distlled, deionized water. Solu-

tion pH was maintained >pH 7. thereby

mmumzxng potendal conversion of Cl02"
o C]O;
with parafilm and stored inanamberb

in a coul, dark locaon. The tter of the
~ stock was quanuﬁed daily using a com- "~

puter-aided ummeter.§
Sodium thiosulfate was used to quench
all oxidation-reduction reactions. A

stock solution was prepared using re-“

agent grade Na2S:0s 5H.O. Tmo;ulfah:

" 'may be slowly oxidized (o sulfate by DO;’
_therefore, fresh thiosulfate stock solu-

tions were prepared weehly and sealed

“'with paraﬁl

001619

“with Q10>"

The stock solution was sealed

Reaction anm and rates. The ox-
ad?&nareducnon reaction between Fe (D)
an

e - - e
«Cl"v 8H" (])

Calculations based on this molar swichi-

ometry predict that 3.3 mg Fe(Il) are re

quired to completely reduce 1.0 mg Cl0;".
Several tests were conducted using inital
Fe(D concentrations near § and 16 mg/L,
dosages ranging from approxi-
mately 50 to 300 percent of the theoretical
amount required for Fe(ll) oxidation.
Tests were conducted at pH values of 5, 6,

.and 7. Samplca were a.natyzed for residual

soluble iron and ClO:" concentrations
after a 5min reaction period.
“The kinetics of Fe (1)~C10;” interaction

k\;were quannﬁed by use of a set of pressur-

ized reaction chambers (schematic shown
in I-‘xgure 1). A C10:" solubon was con-
tained in vessel A, and an Fe(lD) soluton
was placed in vessel B. The ininal concen-
tration of each chemical species was dou-
bled so that the desired reactant concen-
trations were achieved once the soludons
were mixed. Flow was initiated and ceased

] by the master valve at C. The reaction

occurred in Tube D and was quehched by
allowing the solution to flow into a holding
vessel (E) containing a 10x stoichiomerric
excess of sodium thiosulfate. :
Reaction time was established by

_ control of the system fluw rate and the

length of tube D, Apphed cell pressure
ranged from 6 to 20 psi; tube (0.096-cm-
diameter) lengths ranged from 1.5 1o
9.0 m. This combination produced reac-

_tion times berween 0.6 and 36 s in tube

D. Flow rates were maintained well
above 0.2 m/sinthe tube thereby e.nsur

ManQ M.umeorp Mitord. Mase
TMute 730 Fraher Scocnuse Co . Parsswigh Pa.
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Figure 5. Effect of reduced solution
temperature and of pH on ‘the rate of
reaction between ferrous iron and
chlorite (Zemperuture—5-6°C)
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‘ Fi;nre 6. Effect of solution pH on e

" stability of ferrous iron in axygenated
waters (remperature—25*C, DOC <1

mg/L)
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F'mm 7. Effect of ferrous iron dusage
and the presence of dissulved oxygen
on residual iron concentraton follow-
ing reaction with chlorite ar pH 5.5
WDOC <1 mg/L, temperature—25°C)

don in ﬁmshed water <0.3 mg/L Inthese was reported as th dxﬁerence between
‘experiments, solutions containing approx- total and soluble iron concentrations.
Sodium thiosulfute was selected as the imately ¢ mg C ‘Analytical procedures. Solunion Cl0.”
quenching agent based on prel'mmay th ] ing  concentration was analyzed using a pro-
studies that showed ion be- ; pe omer  crammable nrrutor aecordm% 10 meth-
rween $:0s"" and ClOz r i requirement for C10;” reduct Samples
than the Fe(I)<C10; i ples were with wn\ from each initially reacted wuh potass:um io-
large excess of thiosulfate was presentand owed by n:;a '
2) the presence of an excess of thiosulfate dardized phenylarsine oxid

in soludon did not promote reduction of ¢ Approximately SO samples ere alsu an-
Fe(OH)s(s) formed during the Fe(ll)- alyzed for residual C10." by ion chroma-
CIO;" reaction. The laner wds important tography, with results showing excellent
because the reaction rate was ulimately ‘ params*
based on rhe dx&ppearanc&”of Fe(D from uate the effect of xron (added for

oa. reduction) on turb.dxty and DOC removal ,
’ st rate studies were conducted over  with alum s the primary coagulant All be n

o pH range 5-6.5 using a solution tew- "coagulanon experiments were o

perature of 25°C. pH values <5 were nol  in the pH range 6.2-6.5. Sa ~ apparatus because of the presence of so-
tested because they were cons:dered ug-  prepared with the same background ion  dium thiosulfate in the quenching vessel.

i ITations as previously described. In ~ For these experiments, residual Cl05"

on was calculated based on :he

ing essentially instantaneous mixiag at
valve C.

dzrecz)y in kinetc experi-

practice. Testing at pH >8'5
because competitve Fe(l) oxida 4 ) \
races of DO made interpreration of the  turbidity of 25~30 ntu. observed loss of iron during the reaction,
~ dan difficult. Selected studies were con- DOC source for the coagulanon ‘and the observed stoichiometry of reac
ducted ar lower lemperatures (5-6°C) by V ~ tion between Fe(ID and C10.".
plat:mg the pressure cham! Selected samples were analy2ed for T
a. Aquauc DOC was sepa-  sidual C10y concenuypoabyuaeofan ion
__rated frum the swamp watér asing resin
, accordmg 10 adsorption-scparation meth—
bed by Thurman and Malcolm.*
of ation experiments used a 100
Fel), possxbly resulong in excess re  percent stoichiometric Fe () dosagefor were analyzed according to either of the
'sidual ClO:" concentrations. Experi- ClO:" reduction coupled with varying following methods. Most samples were
ments were conducted 1o quanufy the Both chemicals were  filtered through a 0.2-um filter, acidified
relative reaction rates of the Fe(l)~ usly at the beginning ~ with nitnc acid. and analyzed using an
ClOy" and FeQL-DO reactions. One set d (150 rpmy) rapid-mix  atomic absorption spectrophotomerter.t
of experiments involved adding Fe(Il) to  period (detention time » 90 s). Two- Selected samples were also analyzed for
solutions containiag 5-10 mg DO/Land st n was simulated using Fe(ll) concentration using the batho-
monuormg for Fe(Il) over time for up to g a1 50 rpm followed by phenanthroline ?rocedure described by
15 min. This expenment was conducted m. Following a 1-h sedi- Lee and Stumm. ‘
a1t five pH values berween 5 and 7. ; riod, samples were with- Analysis of samples for residual DOC
It was impormant w determine whether  drawn and analyzed for residual turbig- concealtration involved filtration
00 would efficiently remove any " ity and toral iron concentration. Aportion  through a 0.2-um fiter followed by the
Fe(Il) thar remained following the C10:™  of each >amplc was filtered through 2 02-  use of a total orgamc carbon analyzer 3
6(‘!1011 reaction. The fate of excess sol-  pm. ﬁher ‘and analyzed for soluble | zron
N s itnportant because most water A .
:nt facilities desire an Fe concentra-  latc iron concemrano:\ W 'calculated and

carbonate

“Modc W l’h Y B.ra. R...nmana v
TVudc) WS Rerkerbimer Rurwad, Conn
$DCa0, Dvm mann, Senla C"..n. Cu.t
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. agreement between the two methods -

utilized the pressurc chamber

Inital and residual iron concenu-anons ‘




turbidimeter.*
Results and discussion ,
Stoichiometry of Fe{l)}—C10;™ reaction. Re-

sults of several 1e3t5 amed at evaluating

* the reacnon stoichiomery betwesn Fe(lh

and ClO;” are shown in Table 1. Athough
a range of values was observed, the aver-
age stuichiometry [or all experiments was
approxamately 3.1 mg Fe/mg C10,™ This

reacton stoichiomenry of 3.8 mg ¥
ClO;" calculated based on Eq 1.

value is slightly less than the theoretical

results suggest that the predominant if not
exclusive by-product of the C10," reduc:

tiun reaction 1s chloride ion (C1).

Kinetics of Fe(i1l-CI0;" reaction. Numer-
ous experiments were conducted between
PH 5 and 6.5 for assessing the rae of

reaction between these two species. Typr

cal results are shown in Figures 3-5. In
these studies. an Fe(lD to C102™ weight
rano of 3:1 was udlized. Dara presented in

Figure 3 show  rapid reduction of C10,”
within approximately 20 s at pH . even

when surting with an wnital Cl0,” concen-

ranon >S5 mg/L Likewise, :

Figure 4 indicate a rapid reacti

Lests conducted over the pH 5-6.2 range.
In this instance, decrease in solution ron
concentration is graphed as an indicatorof

Cl0: reduction.
Dara presented in Figures 3 and 4 re-
late w a solution temperature of 25°C. A
slight decrease in resction rate was ob-
served when solution remperature ¢

creased 1o 5-6°C (Fi

“de-
sed 10 5-6°C (Figure 5). However,
Fe(ll) (and thus C102") was still reacting

ararapid rate, as evidenced by the high -

percentuge of jron thal was oxidized
within the fnst 10 5. These data indicate
that the reduction of C10;” by Fe(Il) will
easily occur within 1-2 min under the
temperature conditions typically en-
countered in drinking water treatment.
Chiorate formation. A select number of
experiments were undertaken in which so-
lutions were monitured for the possible
formation of ClOs™ during the Fe(ll)-
€102 reaction. Results shown in Table 2
indicate that no detecmble amount of
C10y” was formed in solutions tested over
the pH 5.5-8 range with inidal C10;" con
centrations as high as 4.0 mg/L. -

Effects of DO. Most studies were con

ducted with solutions that were deaerated
by nizogen during preparation 1w mini-
mize the potential for FeUl) oxidation by
DO. Two groups of swdies were con-
ducted to assess the effect of DO on the
Fe@)-C10:" reaction. In the first set of

studies. solulions containing Fe(ID) were

exposed to DO over the pH range 5.2-7:
no ClO;” was present in these solutions.

Results presented in Figure 6 indicate that
Fe(ll) was rclauvely stable in these solu-
tions over approximately 10 min iron oxi-

dation and precipitation were only signif-

“Mulei U0 navn Cv Luectang Coto
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Figare 8. Edfect of fervous iron dosage  Figare 9. Efect of ferrous iron dosage

and the presence of dissolved oxygen and the presence of dissolved oxygen
on residual iron concentration follow-  on residual jron concentration follow-
ing reaction with chloritc ar pH 6.3 ing reaction with chlorite at pH 7
(DOC <l my/L. temperarurs—25°C) (DOC <I mg/L; temperarure—25C)
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Figure 11. Removal of mrbidity and DOC from water conmining fultic acid by
alum coagulation alone and by ferrous iron plus alum coagulation (pH—6.3-6.5,
lemperature—25'C) .
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Figure 13. Removal of rurbidity and DOC from water containiag fulvic acid by
alum coagulaton alone and by ferrous iron plus alum coagulation (pH—é 3:
temperature—~25°C) ; \
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Figure 10. Residual soluble iron and chlorite concentrations following treatment
of water conuaining fulvic acid by alum coagulation alone and by ferrous iron plus
alum coagulation (pH—6 3-6.5; temperature—25 C
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Figure 12 Residual soluble iron and chlorite concentratons following treatment
of warer containing fulvic acid by alun coagulation alone and by ferrous iron plus

alum coagulation (PH—.3; temperarure—25'C)
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‘maicate tat over’ Fanig 3
study, the competitive effect of DO on the
reaction between Fe(ll) and ClO.” was
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minimal. This would mean that stoichio-

metric doses of Fe(l]) should be sufficient

to remove ClO,” from waters contaming
significant DO concenrrations.

Other studies were conducted in which
DO and C10;™ were both present in solu-
tion at the time the Fe (ID was added. DO
concencratons in thesé studies were ypr-
cally in the range of 910 mg/L, whercas
Fe(lD dosages vaned from 50 to 400 per-
cent of the stoichiometric requirement
for Cl0,” reduction. Results (Figures 7-
9) show that Fe(ll) reacted rapidly with
the CIO;", as evidenced by the iruhal steep
decline in soluble iron concentration.
Analysis of each solution indicated essen-
nally 100 percenr C10;” removal at FeQll)
dosages of 100 percent and higher on a
stoichiometric basts.

The behavior of the excess iron in so-
lution 2s a functon of solution pH was
interesting. Waters aear pH 5.5 (Figure
7) showed minimal removal of excess
Fe(ll) over dme . indicaung lirtle interac-

tion of the Fe(I) with the DO present.

When the solubon pH was increased to
6.3 (Figure 8), excess Fe(ll) was elimi-
nated over a period of approximately 1 h,

presumably because of oxidation by DO

followed by Fe(OH)s(s) precipitation.
Only at pH 7 (Figure 9) was the excess

- Fe(ll) rapidly eliminated via reaction

with DO. These results correspond well
10 the results of Stumm and Lee*! who
showed that the kinetics of Fe (Il) oxida-
tion by DO were slow for pH values <6 5.

The practical application of these re-
sults relates 1o the fare of Fe(I thart is
added in excess of the requirement for
C10:" reduction. Surface waters thar are
treated at pH values in the neutral or alka-

line range would probably not experience

problems associated with high residual
iron concenrratons resulting from Fe(ID
oxidarion by DO However, excess dos
ages of Fe(ID) may persist under acidic

freatment condiions and require some

form of alternate oxidanion, € g.. chlorine
addition, to reduce the residual iron 1o
levels below the recommended dnnking
water concentration of 0.3 mg/L.
Coagulation studies. Coagulation studies
were conducted with fulvic acid~laden
water samples in which a 100 percent
Fe(Il) dosage (stoichiomerric for C10," re-
ducnon) was coupled with various alum
dosages in the pH 6.3-6.5 range. Conmipan-

ion coagulation studies were conducted in

which no Fe(ll) was added. Results from
two separate pairs of coagulaton studies

(Figures 10-13) indicate that alum addi-

tion alone (no Felll] added) did not result

in C10-" removal. In comparison. residual

ClO,” levels were <0.05 mg/L for all sam-
ples tiat recewved the 100 percent stoichio-
metsic duse of Fe(ID) (Figures 10and 12)

Further, the addition of Fe(Il) did not hin-

-
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TABLE 3 .
Effect of posnt of addrtum of ferrons i iron on alwu mqgularmu of DOC-aden s wuvﬂ

Reside Com:cnwanou of R:mlnl—ngll
Treamnent i Turbadity -
Provided oy ‘ Qo DoC l Soluble Fe
Neo :rmmmt (oonlrol) , 27 33 62 0.16
Alum ooty: o Fe (1) adocg ; ‘
T Alum gose = 20mg/L 2 3t $.9 0.18
Alum dosc = 00 mg/L \7 31 32 004
Fe(D) added pnoe o
alum durng rap«d mux
Alum aiose - 20ng/L 13 <0.U5 30 009
Alun dose = 60 mg/L 15 <005 4.8
FeUl) and .lum 3dded smultuncously
20 <005 26 [
Alum dose = 60 mg/L 12 <0.05 22 022
FetID adged dunug Socculation,
alum adaea qunag rapid mix
Alum dose » 2umg/L 10 <0.05 %3 0.28,
Alum goxc ~ S0 mg/L 13 005 © 22 | ul?

“In all studics, FeD doscm10 mg/L pH—6.3-65

der the performance of a.lum wmh respect
to rurbidiry or DOC removal; in fact, DOC
removal was slightly enhanced by adding
Fe(ll) as well as alum (Figures 11 and 13)

Finally, when a 100 percent stoichiomewic

dosage of I-‘e(II) was utlized, the residual
iron concentrations after coagulation were
all at or below the 0.3 mg/L level.

These coagulation studies involved the
simultaneous addition of Fe@D and alumn

during the rapad mix phase. One set of

coagulation tests was undertaken to as-

Se3s how treatment performance was af-

fected by varying the poinr of Fe(ll) addi-

tion. Samples of waler conmining fulvic

acid (DOC - 6.2 mg/[) and C10; (3.3

mg/L) were treated with a 100 percent

stoichiomerric Fe(Il) dosage and either 20

or 60 mg alum/L. The Fe(Il) dosage was
added (1) 1 min prior to 2lum additoen, (2)
simultaneously with the alum, or (3) at the
beginning of the focculation peried. Re-
sults shown in Table 3 indicate thatat least

for weatment of this fulvic acid-laden

water source, the addition of Fe (ID
along with, or shortly after the addj

vsmdy.
o Tuc Fe(ID-CI0:" reaction is kinet-

water. Secondary emphas;s was pldted on

examining the effect of Fe(OH)y(s) solids o
~ (forred as a by-producr of the Fe(ll)-

Cl0:" reaction) on the use of alum as a
primary coagulant for turbidity and DOC
removal,

\the following conclusions were

ically rapid over pH 5-7, with essenna.lly

_complete C10,” reduction occurring in re-
_action times as shortas 5~15s.

= Fe(ll) doses of 3.
Cl02" were found Kk

gﬁecnvely promote
tion while also producing min-
imal residual soluble wwon. This stuichion

etry reasonably predicts CI” as
product of C10;" reduction by Fe(Il).

* Excess dosages of Fe(Il) could be

removed by reaction with DO under neu-
tral pH conditions. However, stability of
soluble iron may be a problem with ex-

~cess Fe(ll) dosages underacidic pH con-
kdmgn: ‘O:qrgen was meﬁ'ecnve for Fe(ll)

alum did not significantly affect water” o

reatment with respect 1o mrbxd;ty. DOC
residual C102", or iron concentradon.
Although these resullts indicate that

Fe(I) may be added at multiple applica-

ton points in a water treatinent fucility, it
is strongly recommended thar similar test-
ing be done ar all facilities 1 ascertain the
effect of the Fe (ID~ClO:" reaction ¢
all performance. For examplic, certain
ciliies may wish t add Fe(Il) in the later
stages of flocculation or to the ﬁh.cr-ap—
plied water. Such scenarios must be inves-
tigated 10 ensure that ueatment opera—
tions will be efficient in capturing the
resulting Fe(OH);(s) solids.

Conclusions

The primary objective of this smdy was

1o determine the ieas.b.luu of using
for elimination of ClO.” from drinking

68 RESEARCH AND TECHNOLOGY

‘ect ofﬁcer is greatly appr:c'

"'?mance of ;\lum as a primary coagulam for

turbxduy and DOC removal.
Acknowledgment

This research waa supported in part

by the R h _Foundation

by- 1. Lee.G.

cial products does not constinute endor
mentor recommendation for use. Parts
this article were presented at the AWV
Annual Conference, Philadeiphia, Pa.,
June 1991, ,

References

1. WERDEHOFF KS & Sivcex P. €. Ch
rine Dioxide Ettects on THMFP TOXS
and the Formation of norganic By-Pr
ucts. Jour AWWA, 79:9.107 (Sepremt
1987)

2. GOrROON. G ETAL. Miunuzing Chloritc !
and Chlorate lon iu Witer Treated W
Chlorine Dioxide. Jowr. AWWA, 82:4 1
{Apr 1990).

3. Duun KL & Lex, R C The Effect
Sulfur-Based Reducing Agents and G/
Firation on Chiorine Dioxide By-Pr
uch. Jour AWWA 83-5:56 (May 199)).

4 Griest, M H. eT AL Using Reduci
Agenss 10 Ehmauatc Chlanne Dioaide 2
Chlorite lon Resiquais ia Dri r War
Jour AWWA 83:5.62 (May 1991)

© 5 OnDRUS, M.G. & Gorbon, G. The Oxit

Lon of ‘Hexaaguoiron (1D by Chlonne (.
in Aqueous Solution. {aerg. Chen
11:5 983 (1972).
6. Goroon, C . KIEFFeR, R G.. & Rosenpual
-~ D.H The Chemistry of Chlonne Didx.c
Brogvess in Inorgamic Chemsery, Vol.
. John Wiley & Sons, New York (1872).

7. KiTHOFF. I. M & SAsDELL, E. B. Teatbo

of Quantiighive [aurgame Anahysrs. T)
o gg;zM.uan Company, New York (3rd «
)

8. THuRMAN. EIM & Marcoim, RL Prepa:
tive Isolation of Aqualic Humic Su
sances. Envir. Sa & Technol 154 4

S8y,

9 Aleta, E.M. ROBERTS, P V'; & HERNANDE

M. Determmauon of Chlurine Dioxid
Chilodine, Chlorite, and Chlorate 1n Watc
Jour, AWWA, 76:1:64 (Jan. 1954)
F. & StunM, W Determination
Ferrous Ironin the Presence of Ferric Irc
: UungBahOphcnanmrohne Joxr. AWW,
- 52-12:1567 (Dec 1960).
11 Stumm, W & Lee, GF Oxygenarion
- Ferrous Iron Indus Eagrg. Chaem
53:2:143 (1961).

% About the author
" Angela latrow 15 cu
- rently an gssociate e
gineer with jumes A
- Monigomery Consul
ing Eagineers, 3501 1
Causeway Bivd., Suii
300. Meieirie, L
70002. At the time
the work de.smbed in this amicle, she was
greduate student in the Department
Civil Engineering, Virginia Polytechnic &>
stitute & State Umiversity (VPI). Black
burg. latrou hotds vuchelors degrees fro

~Worcester Poiytechnic Instisute, Worceste:
"Mass.. and Regis College, Weston, Mass

an Dorlack, AWWAR ';

““the contenr and ¢

are the opinions of the authors and do not

necessanly reflect the views of the ioz.md.:—

001623

" and an MS 1n environmental enginserin

Jrom VPi. She 15 a member of AWWA an

; V'ASCE 'Wllxum R Knocke 1s profcson







ST

BEST AVAILA

Radiation Chetm'stry and ,Photochem‘i_s‘try of Oxychlorine Idn,s_ o
Part 1.—Radiolysis of Aqueous Solutions of Hypochlorite and Chlorite Tons

BY G. V. BUXTON AND M. S. Susiant

Cookridge High Energy Radiation Research Centre,
Cookridge Hospital, Leeds LS16 6QB

< Received 18th October, 1971

- The radiolysis of aqueous solutions of Cl0~ and CIO; has been investigated using pulseandsteady
ate methods. The absorption spectrum of CIO has been identified (Anax = 280 am) angd the com-
ete reaction mechanism has been established in the case of ClO- and proposed in the case of Cl0;.
he following rate constants have been evaluated (units of M-ts=4:
€ +ClO- > Cl-+0-  (5321.0)x 1000
¢ag+ClO; - ClO~+0- (4.50.5)x 1010
. OH-+ClO- -+ CIO+OH- _ (9.0=0.5)x10°
OH+CIO; ~Cl0;+OH- (6.30.5)x 10°
“+CIO~ ~>ClO+0%- (2420.1)x10%
0-+ClI0; - ClO,+0%-  (1.940.1)x 10
2CI0 - Cl,0, 1.5x 10t (2k)
Values of the radical and molecular yields obtained for dilute alkaline solution are ;
Gleaa)+ G(H) = 2.92::0.05, G(OH) = 2.41+0.12,

G(H;) = 0.42:0.02 and G(H,0;) = 0.70 £0.01. ;

The photochemistry of oxyanions in aqueous solution is of considerable interest

luse of the number of different primary processes which these ions can undergo.!-4

1any cases the commonest processes are those in which the oxidation number of

central atom changes by one unit through the formation of a hydrated electron

or a hydroxyl radical (processes (1) and (2)), or by two units through the formation
)) :

X0, = X0, +e,; (1
X0, - X0,_,+0° SRR 2y
X0, » X0 ,+0 (3

Utative determination of these processes for a given ion provides important

nhation on the chemistry of its excited states, and also on the conditions under

ses and their dependence on the wavelength of the exciting light. In principle
juantum yields can be determined either by direct measurement of the yields
B rv products using flash photolysis, or by measuring the yields of the final
.ablishing the mechanism of their formation and then deriving the yields
Jnmary species. In practice monochromatic light flashes of sufficient intensity
- Yet available to make the first method useful Quantitatively, but nevertheless
hotolysis is invaluable in determining the quality of the primary processes.
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Quanmatxvc information must therefore be obtamed by the second method whic
requires that one knows the chemnstry‘ot‘ the pnmary species and any other precursor
of the final products. Much of this owledge can be gained independently of th
photochemxcal system from a study of the aqueous radiation chemistry of the particy
lar ion where the reactions of ey, and O-(OH) with XO; can be est ablished beyon
doubt. For example, in the case where X = Br, reacuou 4 occurs for n = 2an
3 and reaction (5) occurs for n =1 and 2, and information was obtamed on th
absorption spectra and chemistry of BrO and BrO, which was essential to the inte
pretation of the photochemistry of BrO, .6

€, +BrO; - BrO,_,+0°" (¢
OH(0™)+BrO; - BrO,+OH~(0*") ¢

-

We have adopted a similar approach in the case of oxychlorme ions whereby w
have studied their aqueous radiation chemlstry in order to obtain information whic|
is essential to the elucidation of their aqueous photochexmstry

The steady state radiolysis of hypochlorite ion ” and chlorite i ion ® solutions ha
been reported previously but the reaction mechanisms have not been establishe
unequivocally, partly because the chemxstry of "the postulated intermediates Ci(
and Cl;0, was not known with any certainty. In this paper we present the result
of further investigation of the radiolysis of solutions of both these ions, using puls
and steady state methods, which provide detailed information on th mistry o
CIO and C1,0,. In each case a complete reaction mechamsm has be established
The results also reveal a numbet of dtﬂ’ercnces in the chetmstry of the chlorme anc
bromine analogues.

EXPERIMENTAL
MATERIALS
All solutions to be irradiated were prepared from tnply distilled water, and their p}F

- was adjusted with sodium hydroxide.

Sodium hypochlorite solution was prepared by the method of Taylor ‘and Bostock ? b:
distilling a mixture of 35 g of bonc acid and 20 g of bleachlng'powdcr in 600 ml of water
The first 100 m! of distillate was collected in 400 2 M NaOH to give approxi
mately 10-* M CIO~ solution at pH ~ 12. ‘Sodium chi > (Hopkin and Williams
technical grade) and sodium formate (B. D.H., reagent ‘grade) were recrystallized three time
from water. All other reagents were A.R. grade (B.D.H.) and were used without furthe
purification.

Argon (99.995 °0), nitrogen (white spot), ‘oxygen (B 0. C), and sulphur hexafluorid:
(Matheson) were taken straight from the cylinder. Nitrous oxide (B.O.C., anaestheti
grade) was passed through a column of potasszum hydroxxde pe!lets and thcn through :

trap at —80° to remove any CO; or NO.

APPARATUS AND PROCEDURE

Details of sample preparation, apparatus and expcnmental procedure for y-radiolysi:
and pulse radiolysis have been described elsewhere, 19-11

ANALYSIS
Nitrogen, hydrogen and oxygen were measured by gas chromatography using a columr

of molecular sieve SA with ‘argon as the carrier gas. The solutxon products C10-, CIO,
and ClO; were determined by the followmg methods.
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co- ,
This jon was determined ei

oo was determ imetrically using arsenious oxide and iodine,? o
spectrophotometrically at 292 nm taking e&j5- = 419 =10 M~* cm~! which we ha
mined and which agrees well with the value reported by Julien and Pucheault.”.

cCloz
An aliquot of ClO3 solution was added to sufficient potassium iodide solution, adjusted
to pH 2 with sulphuric acid, such that the final [I"} = 107" M. Under ns .
- Q105 oxidizesI"to I3 quantitatively. 13 was measured spectrophotometrically at 350 nm.!?®
To an aliquot of the mixture 5 to 10 drops of 5 %; phenol solution were added to destroy
Cl0-. ‘The solution was allowed to stand for 10 min and then analyzed for ClO;. The
amount of ClO~ present in n hen obtained spectrophotometrically by sub-
tracting the known contribut = 80 M~* cm~") from the total absorption
measured at 292nm. | e
aoy
Chlorate ion usually had to be det
was achieved by measuring the sum of al ions, us method of |
and subtracting the amounts of ClO- and CIO; determined as above. Chio
not interfere in these methods.
clo,
torine dioxide was_determined spectrophotomietrically taking £2f8, = 10° M! em™",
present it was removed by a stream of nitrogen before the other products were deter-

in the presence of ClO~ and ClO7. This

et

ns, using the method of Csanyi and Szabo,*

ined

-RESULTS
PULSE RADIOLYSIS

ave deter-

=10"" M. Under these conditions =

RATES OF REACTION OF exn, OH aND O~ WITH OXYCHLORINE ANxopxs N
Rate constants for the reactions of ey, were obtained by direct observation of its

decay at 575nm. The presence of 10-> M CIO 05 enhanced the rate of
decay of e, but 10-* M ClO3 had no effect, indi

de ; :  that the first two jons react
efficiently whereas ClO73 reacts very slowly if at all. Rate constants for the rea

TABLE 1.—RATE CONSTANTS FOR THE REACTIONS OF €3q, OH AND O~ WITH SOME OXYCHLORINE

IONS
X Kiegg+X) M= 571 KOH +X)iM-1 571 KO- +X)M-1 3!
clo- (5.3=1.0)x10'° (9.0£0.5) x 10° (2.4 +0.1)x 10°
CIO; (4.5=0.5)x 10'° (63=0.5)x 10° (1.920.1)x 10°
co; <10 <106 < 106

of OH and O- were determined by the carbonate competition method ** by measuring

the effect of [CIO; ] on the yield of CO3 produced on pulsing N O saturated solutions

of 10-2 M CO2- at pH I1 and 10-! M COj3~ at pH 13 respectively. 10-* M ClO3
had virtually no effect on the yield of COj indicating that the hydroxyl radical also
reacts inefficiently with this ion. The rate constan rized i )

ABSORPTION SPECTRUM OF CIO

K a On pulsc radiolysis of N.O or Ar'saturétcd; soluuons o‘f‘ 10" M CIO‘
. asient species which absorbed between 250 om and 350 nm was

" .ately after the pulse.” Since CIO~ abs
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the removal of Cl1O- during the pulse had to be made. This correction, exprcssed

the change in optical density (ADcio-), was calculated at each wavelength () usi

eqn (6) A
ADgo- = [G(~ClO 7 )edio- x 1]/9.65 x 10° {

where G(—ClO-) is the d:sappearanoe yield of CIO- in molecule (IOO <:V)*l sé,‘
is the mol extinction coefficient of ClIO- at wavelength 4 and I is the absorb
dose in krad. G(—ClO-) was takeu as 6 9 and 8.1 for N,O and Ar saturated sol
tions respectively based on steady state radiolysis data to be presented later. T
corrected spectra of the transient spec:es are shown in fig. 1. For reasons to -
discussed later this species is identified ‘as ClO, produced by reaction (7).

OH(O )“l”ClO" -t C]0+OH_ (O"‘), SR B (

i 1 J
RATYS 78 3c0 325
A/nm
Fi16. 1.—Absorption spectrum of CIO in aqueous solution at pH 11.4; ( O) Ar saturated (@) Nyt
saturated., = molecule (100eV)~%, ¢ = extinction coefﬁcnent in M-'cm-t,

The values of G(CIO) e{ are 4.8 x 10 and 6.0x 10° for Ar and N,O saturate
solution respectwely, and their relative magmtudes suggest that a product of reactio
(8), which will occur in Ar saturated solution, is an oxidizing radical stoichiometricail
equivalent to the hydroxyl radical.

5+ ClO~ — products | (8

KINETICS OF DECAY OF ClO
In N,O saturated 10-* M ClO- solution at pH 11.4 the absorpnon due to CIC

- decayed and a permanent absorption remamed After correcting for the remova

of CIO~ during the pulse a plot of D)t against time was linear (see fig. 2)
where D and D, are the optlcal densities due to ClO and the permanent produc
respectively. The first half-life of CIO was found to decrease with increasing dos:
per pulse, confirming the kinetics to be second order.

When < 10-* M CIO‘ ‘was added to this system the rate of decay of CIO wa

00162'2
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enhanced but remained second order (see fig. 2). In this case D, was calculated
from eqn (10) on the assumption that the following reactions occur '

20H+2CI0- - 2ClI0+20H- 3
H.0 ) o - . . )
2CI0+CIO; — CIO3 +2CIO-+2H+ 9)
Dy = ADcio-~ADcio;. (10)

the pulse and is given by eqn (11) (cf. eqn (6)) ; ,
~ AD¢io; = [3G(—CIO )edio; x1]/9.65 x10° an
The values of 2k/e obtined from the slopes of the plots exemplified in fig. 2 are
given in table 2 and show that the dependence on [CIO3] is not simple.

In eqn (10) ADcyo; is the change in optical density due to the removal of ClO; after

100 &0
- [}
" ta: s
A
8
Q
(I Y1 8 P
Q
A
. ! ! 1 ' : L d 22 Lo A1 | ! 1 1 L
< H = T N s 'z 2 B e
tips

FiG. 2.—Decay of CIO at 280 nm, (a) in the absence of CIO; ,(b)m the presence of § x 10~ M ClO; o

No chlorine dioxide was observed in these experiments, indfcétihg that reaction

(12) does not take place e
‘ ClO+CI0; -Cl0,+ClO~ 2

TABLE 2.—VALUES OF 2k/c FOR THE DECAY OF CIO IN THE ABSENCE AND PRESENCE OF CIO;
AT pH 11.4 aAND 280 nm o

(clo3 uM 106 2kjefem s-1
@' ®
0 15201 1.6
2x10-% 3.7£0.2 3.7
5x10-3 5.5=04 59

(a) experimental value, (5) calculated value (see text).

ClO; soruTioNs , - : T

On pulse radiolysis of N.O saturated 10-* M ClO3 solution at natural pH, a
permanent product was formed which was identified as ClO, by its absorption
Spectrum. and which must be produced by reaction (13).

OHsCOs~COSOR ay
- Replacement of N,O by Ar did not aflect the yield of CIO; appreciably, showing that
- €49 reacts with ClO; to form a product which can oxidize ClO3 to ClO,.
. e+ ClO3 — products. ' (14)
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y-RADIOLYSIS

Cl10- SOLUTIONS

The yields of products of the y-radiolysis of N,O or Ar saturated or deaera
alkaline solutions of 10-* M ClO- are shown in table 3. All the measured yie
were proportional to dose and their values are in cxcellem agreement with th
obtained by Julien and Pucheault for neutral soluti No ClO; was detec:
and G(Cl-) was calculated from the’ d:ﬁ'erence G(—CIO)-G(CI03). Inthe abser
of N,O the material balance eqn for the quantities in table 3 in terms of oxvg
content is (15).*

1G(H,)+31G(-ClO") = 3G(ClI03)+G(0.) ¢

+ The data satisfy this eqn which demonstrates that no other oxygen Lomammg prod|

is formed.

TABLE 3.—PRODUCT YIELDS IN THE Y-RADIOLYSIS OF ALKALINE soumoxs OF (@) 10* M CI
AND (b) 107 M CIO-+10~*M CIO; 114 <pH < 12"

saturating gas G(-C107) G(-CI0%) TGCI03) T TGHD R T(e )] G(CTr:
(Aror 5.120.05 0 1.03=0.02 0422002 1.20=0.02 4.09
(a){none , o '
N,O 330005 0 137005 — — 1.93

none e
N;O  1.70+0.10 2.95-0.05 287=0.10 040=0.01 0.69+001 1.78

* G(Cl-) calculated from (a) G(—ClO-)—G(CIO7 ), (6) G(—ClO-)+G(~Cl037)—G(CI03).”

Aror 3.62+0.05 2701005 263-0.10 0.40=0.01" 0.70:0.01 3.69
(b){

1ce
75
2
5 so
9
)
2%
t 1 ! !
< z B 3¢ Py
dose krad .
F1G. 3.—Variation of [ClIO3] with’ dose in"the yeradiolysis of 10" \4 Clo-- 10“ M ClO; solutic
at pH 11.5.
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Also shown in table 3 are the yields when~ 10 - M ClO was mmall) present in
10-* M CIO- solution. _In this case the vields were proportnona] to dose for doses
up to 20 krad. At larger doses G(—CIO‘) and G(O,) increased while G(—ClO3)
and G(CIO3) decreased. Evidently reactions which produce ClO; must begin to
occur when [CIO3] falls below 4x 10-* M (see ﬁg 3). Again the data for the Ar

saturated and deaerated solutions are in accord with the material ‘balance eqn for

oxvgen content (eqn (16)).*
$G(H.)+31G(~-CIO)+ G(~ CIOZ) = iG(ClO_.,)-i- G(0:) (16)

ClO3; SOLUTIONS
Experiments were carried out to measure the yields of ClO, produccd in the

y-radiolysis of CIO; solutions at natural pH. The data are presented in fig. 4and
show that G(ClO,) decreases with increasing dose and decreasing [ClO3], the dose
effect being more marked at the lower concentrations. ClO- was also observed asa
product but its yield was only measured quanmatwely in Ar saturated 102 M ClO'”

‘solution at pH 10 for a dose of 16 krad. Under these conditions G(—ClO 2) =
7.8+0.1, G(CIO,) = 5.4+0.1 and G(CIO-) =20+£0.1.

[

. s

!‘
n
1)
I

4x 10°(CIO,}/M

o
T

/)

dose 'krad‘ :

P

FiG. 4. —Dependence of ClO; yield on [C103] and dose; (O) 10-* M, (@) 5x10-* M, (3)10-*M

ClO; solution at namral pH saturated wnh N ;0.

REACTIVITY OF H,0,

Experiments were carried out to determine the relative reactivity of H,O, with
ClO- and ClOz' First 10-* M CIO3 was added to 2x 10-* M H.O, at pH 10 and

the change in [CIO3] with time was measured. After 2 h less than 1 7 of CIO7

had been destroved. Next 10-¢ M CIO- was ,a the CIO ‘+H,0, solution
and was 1m.med|ateh ‘destroved. These obsen

reported * in the case of BrO- and BrO: show that ki € kg

H.0,+ClO; — products o - dn

H.0:+CIO* — 0~+Cl +H,0 (18)

ns, which are similar to those

001630

i

+G(H ;) appears in egn (15) and (16) because it is a measure of thc amount of oxygen supphed e ’

solvent.
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DISCUSSION
IDENTIFICATION OF CIO

The absorbing species produced in the pulse radiolysis of ClO- solutions (:
fig. 1) is identified as CIO for the following reasons. ~ First, it is produced by reacti
of OH with ClO- which is most likely to occur as reaction (7). Secondly. the abso:
tion spectrum of ClO in the gas phase has maximum absorption at 290 nm
Thirdly. it has been pointed out by Amichai and Treinin 7 that the transition energ
of XO, increase approximately linearly with the electronegativity of the halog
atom, which would place A, for ClO at about 280 nm'since 4, for BrO is 330 nr
and for IO is 490 nm.'” - '

REACTIONS OF ClO anD CI,0,

The enh,anc“emgnygf the rate of decay of ClO by ClO3 without change in kine
order with respect to ClO or production of ClO, shows that reaction (12) does 1
take place. This is in contrast to the corresponding reaction in the bromine syst

~ which was found to be efficient.® The electron affinities of ClO and CIO; are 2.89

and 3.14 eV respectively *® so that reaction (12) is unlikely on energetic grour
since changes in entropy and hydration energy are likely to be small.

The observed decay kinetics of ClO are consistent with the occurrence of
following reactions ‘

2C10 = CL,0, (
C1,0,+H,0 — products (
Cl1,0,+ClO3 — products , (

provided Cl,0, does not absorb at 280 nm and equilibrium (19) is rapidly establish
The dimer Cl,0, has been suggested as an intermediate by Porter and Wright !°
the gas phase bimolecular decay of ClO, and by Taube and Dodgen *° to acco
for the exchange of Cl between ClO- and ClO3 in aqueous solution. Taube :
Dodgen also proposed an asymmetrical structure for the dimer, viz.:

0 .

C—C{  or Cl—O0—Cl—O0.
o ,
The data in fig. 1 indicate that reaction (8) occurs as
€5 +ClO- = ClI-+0-or CI+0*~
followed by (7) or (22)
C1+ClO- - CIO+Cl-. |

Because of the large electron affinity of Cl (3.8 V) the first alternative seems the m

likely. Hydrogen atoms are also likely to react rapidly with C1O~, possibly accorc

to reaction (23) ’ B
H+ClO- - CI-+OH .

We conclude, therefore, that the oxvgen containing products of the radiolysis of C
solution, apart from the yield of oxygen arising from reaction (18), result from
decomposition of C1,0,. The data in table 3 show these products are ClO3 and
and that added CIO7J increases the vield of the former and reduces the vield of
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- latter. These facts are consnstc,nt w;th‘rcaqtlons (20) and (”I) takmg place as fol]o“s N -

Cl, o +H,0 - ClO- +cno,-qu- R (’Oa)'
cnzo,+H 0 - o,+c10 +'>H— - T N
Cl1,0.+ClO; — ClO; +Cl,0 en
. . iH0 o
im 2CIO- +2H-

MECHANISM FOR THE RADIOLYSIS OF CIO' SOLUTION

The complete mechanism for the radiolysis of ClO solunon may now be wrmeniy o

. as

H,0 —ww— €5, H, OH, H, H;0,, H;0* (24

followed by reactions (8), (23) (D, (19) ("Oa), (205) [¢3)) and (18) Thns mechamsm ;

predicts the following product yields in terms of the yxelds of thc specxes formed in

‘ the radiolysis of water :
(@) In the absence of ClO3

| . G(-ClO™) = G(e,q)+G(H)+G(H202)+G(R)( %) (25)
G(CI03) = G(R)(4+2kamnlkzo) e
G(0) = GH,0)HGRY( +2ksollo) @n
where G(R) = G(er,) + G(H)+ G(OH). ' ‘ '
(d) In the presence of ClO3, where reactlons ("Oa) and (ZOb) are suppressed
G(—-ClO") = G(e.q)+G(H)+ G(HzO;) o B (28)
GCIO3) = G(-CI0) =46R) (@
GO:) = GH.0). ey

Since G(O,) = 0.70£0.01 for 5x 10~ M < [CIO] < 10-* is equal to G(H,0;) for

dilute solutions 2! we ‘conclude th: on (20b) is completely suppressed under

these conditions. Similarly the constancy of G(—ClO3) over this concentration.

range (see fig. 3) is evidence of the suppressxon of reaction (20a). Substitution of

the appropriate data in table 3 into eqn (28)-(30) gives G(e.q)-rG(H) =292+005

and G(OH) 2.41+0.12. These are in excellent agreement with the vields obtained
from the hypobromite svstem 22 and provnde strong support for the proposcd‘

mechanism. On substituting these G values and the approprxate data in table 3

into eqn (26) and (27) we obtain ka0alkzon = 1. 69,+0.20 and 2.17£0.11 respecuveh o
mechanism. =

.24 and the G values given above and substituting these

- The good agreement between these values provides further support for the n
Taking k1o, L..O, =1.93+0 ;
in eqn (25) gives a calcu ‘G(~ClO-) = 5.22+0.53 which agrees well with the
measured vield. On’ substxtutmg for kioa I\;o. and G(ClO ) for N,O saturated
aation (table 3) in egn (26) we obtain G(R) = 6.9+0.3 in thxs case. Thxs is the
.*tcd result since it is well established that under these condmons G(e.q) =
SvwH) ~ 3.2 and hence G(R) ~ 1.0

..001632
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- were obtained from the slope of the curve in fig. 3. Substitution of these tog
- with the known values of G(R)Jand k0,/k ;05 in eqn (31) gives k3, /K10, = (1.3+0.6) >
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The decrease in G(—ClO3) when [ClO3] falls below 4x 10-* M indicates tha
reactions (20a) and (206) begm to compcte with ("l) at this conccntrauon o)
applying the stationary state principle to Cle ] the proposed mechanism predict

that
-d[CIO7 ] $G(R)Y (ku [Cl10;7] )
f = -1 3!
dt 1+ kagp kzx[C’Oz] k306
k"O¢ K204

where G(R)! is expressed in M s-!. Values of —d[ClOz]/dr at pamcular [C10;

10° M-1, ‘ )
The predictcd rate law for the d:cay of ClO is
—d[CIO})/dt = 2k,,[CIOJ*[! - (1 +(kzoa+kz0p+k2,[CIOZD /A= 15)1). (32
which, on writing k., and &,, in terms of k,,,, becomes
—d[ClO]/dt = 2k,5[CIOJ*[1 — (1 + (k10p/k-15)(3.05+2.66 x 105[CIO; ]))- '] (32
Thus the observed rate constant, 2k/e (see table 2) should be equal to
2k, ofell = (1 4 (k20s/k-15)(3.05+2.66 x 105[CIOZ]))-1).
By a trial and error method good agrecment was obtained between the observed an.

- calculated rate constants with 2k,,/e = 165>-:10’cmrl and Kkigp/k-, = 0.03

(see columns 2 and 3 of table 2). Since G(CIO) = G(R) we calculate 2% to b
910 M~! cm-! and 875 M-! cm-! for Ar and N,0 saturated solutions respectivel
from the data in fig. | and the values of G(R) given above. Using the mean value ¢
¢ we obtain 2k;s = 1.5 10'° M~* s-! which indicates that reaction (19) is close t
the diffusion controlled limit.

The internal consistency of all the data discussed above is gratifying in view c
the complexity of the reaction mechanism and is evidence of its validity.

MECHANISM FOR THE RADIOLYSIS OF ClO; SOLUTION

The dependence of G(CIO,) on dose and [CI03] (sec fig. 4) is consistent wit
reactions (34) and (35) taking place to an mcrcasmg extent as the ratio [ClO,]/[CIO;
increases.

e:., +CIO; — clo; (34
OH +ClO; — CIO; +H*. ‘ ‘ (35

It is clear from the preceding dxscusslon on the reactions of CIO that reaction (1¢
must produce 0"

en+ClO; » ClO-+0~ (i

to account for the yield of ClO, in Ar saturated solution. This mechanism woul

~ also explain the presence of CIO- among the products, and is in contrast to the corres

ponding reaction in the bromine system where the products are BrO and O3*-.

Hydrogen atoms are likely to react rapidly with ClO3, possibly according to reactio
(36).

H+ClO3 - CIO-+0H. (3¢

Thus the mechanism f'or the radiolysis of ClO7 solutions may be written as reactior
(24), (14), (36), (13), and (18), from which cqn (37)-(40) follow
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G(CO,) = GR) (37

G(—ClO3) = Glex)+GH)+GR) (38)

G(CIO)~ = Gley)+G@H) - G(H,0;) (39)

: G(Oz) = G(Hzoz) T o (40)

The data in fig. 4 show that eqn (37) will be most nearly obeyed at high [CIO3] and

low doses. From the initial slopes of yield-dose curves for 10~ M CIO3 we obtain

. G(CIO,) = 5.5+0.05 and 6.6+0.05 in Ar and N,O saturated solutions respectively.

 These are close to the values of G(R) derived from the corresponding ClO-solutions
e mechanism proposed above. Insufficient data havebeen

- and are in accord with the mec

: { qn (38)-(40) because of the difficulty of measuring the
* “initial values of G(—ClO3) and G(CIO-). However the yields observed at pH 10
- for adose of 16 krad are only slightly lower than those predicted by eqn (38ﬂ)yand (39).

obtained in this wq K
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omposition of Chlorlne Dios ’
s Solution by Irradlatlon Wlth Ultravxol‘et nght

oo}
CERVILVICY DI

Hervé Cosson and William R. Ernst’ (MILE17,US. CODE)
School of Chemical Engineering, Georgid"lﬁ;stit‘utme of Téehﬁology. Atlanta, Georgia "3033’2~0100‘ k

Rates of reaction and product formatxon\ were measured in photodecompos:tlon experxments of
aqueous sodium chlorite at 253.7 n _reactor that was continuously sparged with nitrogen to
remove chlorinedioxide. Rapidly removing ine dioxide greatly reduced the formation of chlorate.
The results of this work suggest that chlorate is not formed by direct decomposxtlon of chlorite, but |
‘rather by decomposition of chlorme ‘dioxide.” The results are consistent with the stoxchrometry,
3C10,~ + H;0 (+hv) — CI- + 2CIO, + 20H- +0.50,. The rate of phot position

chlorlte was studied over a pH range of 4-10 and at unbuffere iti
products was not affected by pH; rates of reaction and chlorine dioxide formation were maximum
at pH 6. Results of this work provide indirect evidence of the validity of certain elementary steps
in mechanisms that have been proposed by previous workers _Quantum yields were measured for
both photodecomposition of chlorme dioxid - and sodium chlorite. For the former reactxon, the
values were 0.44 at 253.7nm and 1.4 at 300 nm. For the latter reaction, the values at 253.7 nm ranged
from 0.72 to 1.53, depending upon pH. Correspondmg quantum yields for formation of chlorine
dloxxde ranged from 0.43 to 0.94, depending upon pH. ,
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- 1989; Seklsm Plastics Co. Ltd., 1991) by photodecompo—

Introductlon ' ;
..sition of sodium chlorite with ultravmlet light. One of the

Chlorine dioxide is primarily used as an OdelZlng agent
in the treatment and bleaching of wood pulp, in water

treatment, in textiles and wool treatment (bleachmg), and

in the treatment of flour and of food products. Chlorine
dioxide can be produced by several methods. It can be

..-1oust be recovered contint
-Chlorine dioxide is prod
.-can be gasified by spargmg ‘nitrogen or air through the

prepared either by reduction of chlorates or by oxidation

potential drawbacks of this processis that chlorine dioxide

~decomposes when irradiated. Therefore chlorine dioxide =~
ly from the reactor solution.

d in the aqueous phase, but

solution.

. ~hlorites.
' 1 large-scale commercial pulp bleaching operations,
uorine dioxideis produced by reducing chlorate i 4
acid solutlon (Rapson 1956 1958; Rapson a

. Variations of reactors have been studxed Ultravxolet ,
emitting lamps can be placed 1nsxde (Callerame, 1989) or
_outside (Fxsher, 1983,1984) the reactor. In the latter case,
the reactor is constructed of quartz, Suprasil, or Vycor in

order not to absorb  ultraviolet light.

‘Photodecomposition of Chlori

Dioxide. Little
, , us photolysis of
chlorine dioxide in _aqueous solution. "The following
mechanism has been proposed for wavelengths between

300 and 436 nm (Bowen and Cheung, 1932) '

and Falgén 19;
the type of acid { y

2,C,102(°Q)‘T‘2010+20 R ¢ )
- CIO+H,0—HLCI0O, ®
ClO +H,CIO, —~ HCIO, +HCIT 3

_and the overall reaction iS'

001@35

; e : . : S +
Recently, several G native 2C102(aq) + H20 ClO + Cl + 02 + 2H @
way of producmg chl i

Zrka et al. (1984) proposed a different mechanism
initiated by the same primary photoreactlon, but leading

ultraviolet light. The process is s1mple 'm te toa dlfferent overall reactxon and product dzstnbunon

procedures and apparatus. The chlorine ,
formed can be recovered in either gaseous or liquid phase, '
dependmg upon the purpose of the operation. This process’
‘uxres only a single reactant, sodium ch

4ClOz(aq) + 2H,0 - 2C10 +ClIO"+Crr'+ 03 + 4H"( 5
ion can be terminated at any trme by extinguxshmg‘
JV source.

“Several patents have been filed
_generating chlorine dioxide (Fishe:

Recently Karpel Vel Leitner et al. (1992a) proposed an :
overall reaction for the decomposition of chlorine dl“
in water at 253.7 nm. : S

"~ 10Cl10, + 5H,0 — 4CI" + 6Cl0, + 3.

rn;ng methods of,_,k, .

* Author to whom correspondence should be addressed

0888-5885/94/2633-1468304.50/0 @ 1994 ‘American Chemical Society



This global reaction is the result of a series of complexf ‘

“ B R S X

10C10,‘—»tsg;xjf,4‘(;‘1;();‘+‘4“0’2 a9

intermediate reactions initiated by ultraviolet radiation. ULy

The quantum yield of chlorine dioxide photodecom-
position in water has been briefly investigated (Bowen
and Cheung, 1932; Zika et al., 1984; Karpel Vel Leitner

et al., 1992b). The first two of these research groups
showed that the value of the quantum yield increaseswith
decreasing wavelength. Recently, Zika et al. (198%)

obtained a value of 1.4 at 300 nm and pH 7, while previous

workers (Bowen and Cheung, 1932) reported a value of 1

out that primary quantum yield of decomposition is still

unknown. No information on’ the quantum yield of

chlorine dioxide decomposition at 253 7 nm was reported
by any of these authors.

and Subhani (1972a,b) have studied the photochemistry

of oxychlorine ions. In particular, they focused their

attention on the photodecomposition of aqueous solutions
of chlorite ions (1972b). The products they observed in

steady state photolysis experiments at pH 10 were C10-,

Cl0,, CI-, Og, and little ClO5~. In their expenmental

procedure chlorine dioxide was removed from thereactor

solution at frequent intervals.

They proposed the following prxmary photodecompo— ’ )

sition reactions at 254 nm:

hy :
Cio; —~ClO"+0(D) M
h
Clo,"—Cl0+0O° 8
hy )
ClO,” — (C10,)* M

Reaction 7 leads to the fOIloWi‘ngi‘Secoudary' ruact’i‘driSi( " Re
0(‘D) + H,0 — H,0, (10
H20 +ClO™— 0, + CI" + Hzo‘ an

At 365 nm, some oxygen may also be formed in the épP)

state. This will lead to the followmg reactlons

0¢P) + Cl0,” — 0, + CI" + OCP) 12)

OCP) + C10, — Clo;/ | (13)
Regctiou 8 leads to the following secondary reactions:
O +H0=OH+OH 14
OH + Cl0,”—~ CO, + OH" S - M
2C10 = k =CL0, - (16)

CLO, + CIO,” + H,0 — CIO0," +2CIO‘+2H* an

In reaction 9, (C102)* is a long-lived triplet state of

chlorite ion. It reacts with another chlorite ion.

(CI0,)* + Cl0, —~Cl0,+CIO"+ 0" (18)

Karpel Vel Leitner et al. (1992a b)s
decomposition of sodium chl V

They showed that chlori the major
products of the decomposntlon ']‘hey' proposed the

following overall reaction:

“which allows for normal operating temperature between

.a‘clamp.

,de is consxdered as an
in the reactor solutlon,

mtermedlate product and is le

_ where it undergoes decomposition. In the second part of

the study (1992b), they determined a value of 1 for the
‘quantum yield of decomposition of sodium chlorite at

‘natural pH.

The quantum yleld for the des_appearance of ClOg at

 953.7nmwas found experxmenta ly (Buxton and Subhani,
composmon of chlorine dioxide, and it must be pomted

1972b) to be 0.50 at pH 10 and 0.79 at natural pH. The
quantum yield for the production of chlorine dioxide was
respectively 0.24 and 0.41 at these pH values.

The present study was ed to achieve a better

_....understanding of the produc‘tlon of chlorine dioxide by
Photodecomposition of Sodium Chlorite. Buxton_ym

irradiation of sodium chlorite with ultraviolet light,
especially in terms of stoichiometry, final stable products,
and relative rates of production of products and byprod-
ucts. This understanding would enable us to determine
the maximum yield of chlorine dioxide that can be
achieved. We propose a mechamsm which explams our
experimental results and is consistent with previous work.
Our experimental approach mVOlved generatmg chlorine
dioxide while simultaneously removing it from the reaction
solution. This approach wasaimed at mxmmxzmg further
reaction of chlorine dioxide and thereby maximizing the
ratio of chlorine dioxide to reacted chlorite.
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Experimental Section

’ Photodecomposxtxon of

essur mercury lamps. This
Rayonet Chamber
gland Ultraviolet
previously con-
DrAL Tolbert of the Georgia -

diameter and 30 cm deep with 1
at the wall. The chamber is cool

25 and 30 °C. An external power supply contains the
starters and a switch. The reactor can be operated with
fewer lamps by removing some of i
When fewer than 12]lamps were used, the ining lamps
were arranged symmetrxcally s0 as to ensure a uniform
and symmetrice iolet radxatxon The

source of ultraviolet light “The
253.7 nm and accounts for apprc o
energy radiated in the 250-600-nm region. We also used

phosphor- -coated low-pressure mercu;y lamps emitting at

suspended in the ceny
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e smrwmm}_‘:!'"‘ﬁf” o solutxon is 104 M mm'l The volume of solutlon v
: circulating “in the tubes at any given time was ap-
proximately 30 mL, and the pumping rate was 2 mL/s. A]}

experiments were run between 23 and 25 °C. '
We used two wavelengths for 1rradxat:on 300 and 253.7
nm. At 253.7 nm we examined the decomposxt!on of
chlorine dioxide as a function of the ultraviolet intengity
by varying the number of lamps in the chamber. We used
~ configurations with 12, 8, 6, 4, 2, and 0 lamps. With 0
Flow cell lamps, the soiution was exposed to ambient light only.
Several experiments were run for each conﬁguratlon To
improve accuracy, we used relatively high initial chlorine
dioxide concentration (0.020-0.024 M), which ensured that
the solution would capture a large fraction of the incident

UV light.

UV amp

in Solution
. enah

UV tamp

Y/,

Peristaltic pump

tendency toreact) and maximum for sodium
high tendency to react).

. dioxide and sodium ¢
wal Q%—;;,{ ] wavelength range of 230
Photochemical reactor Spectronic 1201 spectro
. — - ) S 5pectrum was obtained
Figure 1. Experimental apparatus for the study of chlorine dioxide . . ‘
photodecomposition.

C. Chlorine Dioxide Solution. Aqueous solutions of
chlorine dioxide were prepared by us using a simple
cedure based on the reaction of sodium chlorate with
. Jic acid in the presence of s(v.illfurlc o?iad (Masschelem,
979). This reaction’is reporte to produce pure rine
dioxide with no contamination by chlorine. The ) prepara- at 253.7 nm smce they are readxly available.
tion is based on the following stonchxometry '

mum at about 270 nm and that for c
at about 270 nm. Therefore 270 nm w
- wavelength for these experiments.

We chose to use low-pressure mercury lamps emitting
This

H,SO, + 2NaCIO; + HC,0, — o -
B. Sodit ion. Sodises chloie W 1637

The experimental apparatus consists of
_volumetric flask and _bsorbers connec!
The reactan

tent was precipitated
ons were ehmmated

exited the reactor and travele through the fi
where chlorine was trapped in dibasic sodium phosphate
and then through the second absorbe: where most of the
chlorine dioxide was collected in distille x ‘
freezing temperature. The third absorber contained
distilled water and trapped chlorine dioxide which escaped
the previous absorber. ;
This setup allowed us to prepare a stock lutxon of 0.1
M chlorine dioxide (7 g/L). Stored in bo ‘

a refrigerator, the chlori tabl
can be used for up to 1 week w : ‘ within a photochemxcal reaction chamber e

position products. : low-pressure mercury lamps emitting at 253.7 nm, and an
D. Irradiation Procedure, In the study’ of c ' b ion Ve rtz vessel and photochemxcal

dioxide decomposition we irradiated a chlorine d i '

solution while contmuously momtormg the a

~, . 1typical expenment ‘the reacti nvesselw filled wi
0 mL of chlorine dioxide solution; the soluti
: irradiated and pumped continuously throughal-r
length flow cell in a Milton Roy Spectr
trophotometer while the absorbance was
nm. The solution exiting the cell returned to
The movement of the solution also ensured
370 nm the extinction coefficient of chlorine dioxide in




The quartz vessel was filled with innL of0.1 Msedium %

chlorite solution and irradiated. Chlorme dxoxxde was

sparged continuously from the reactor by a stream of
nitrogen (UHP grade, Holox Ltd.) which then passed either

directly to the vent or through the absorber which was
filled with a 10% potassium iodide solution buffered at

pH 9 with sodium phosphate. Chlorine dioxide reacted
with iodide to give iodine, and nitrogen was vented to the
hood. ,

The procedure involved m aking several runs with

different irradiation times, titrating for the various

chemicals in the reactor solution, and determining chlorine
dioxide and chlorine productlon by txtratmg the absorber
solution.

The reactor solution was analyzed for hydroxxde by

titration with standard acid solution (Rand et al., 197::),; ;
for chloride by acidifying and tltratmg with standard silver
nitrate solution (Rand et al., 1975), and for chlorate, -

chlorite, and hypochlonte by the titration procedure of

Aieta et al. (1984). In this latter method, sodium
thiosulfate is used to titrate iodine that is formed whenw,_

chlorine-containing species. Sample pretreatments and
pH adjustmentsare used to dlfferentlate among the various
chlorme-contammg species. Thls method aJso detects; .

left in the vessel because it was removed by the continuous,
high nitrogen flow (4000 cm®min). To further confirm

there was no residual chlorine dioxide, we checked the

was titrated with thiosulfate at pH 7 and pH 2, usmg the
method of Aietaet al. (1984). The mols of chlorme dioxide
and chiorine were then divided by the reactor solution

volume in order to express theu‘ concentrations in terms
of reactor volume.

We examined the influence of several vanables on the

rate of production and on the stoxchlometry of the reaction.

‘These variables were nitrogen sparging flow rate, pH of
the chlorite solution, and initial chlonte concentratxon in

the reactor solution.

Quantum Yield of Photodecomposition. In thns -

study the quantum yield of photodecompositionis . defined

as the number of molecules decomposed (chlorine dioxide

or sodium chlorite) divided by the number of photons

absorbed by the solution. Therefore two separate mea-

surements were required to calculate each quantum yield.
The rate of photodecomposntxon of cbh/)nne dioxide or
sodium chlorite was obtained from our experiments. To
determine the number of photons absorbed by thesolution,
we used chemical actinometry with potassium ferrioxalate.

We followed the techmque descrxbed by Hatchard and ~

Parker (1956).

901638

Photodecompos:txon of Chlonne Dioxid

Results and DiScuSsion

£ 2.0
c !
=
~
o - . :
= 15 - oy Number of lamps in use
. |
€ i
b 1.0 - \
£ Y
-] \
-3
§3 BN
< 0.5 -
0.0 -
¢ 20 40 60 80 100

Time (min)
Figure 2. Photodecomposition of chlorine dioxide. Absorbance at

"'370 nm versus time. Irradiation at 253.7 nm (@), 300 nm (a), and

ambient light (0). Flow cell with | mm path length.

Figure 2 shows that during about the first 10 min of

“each experiment the rate of decomposition was constant.

‘We determined the rates based on the first 10 min of each

“experiment by fitting these data with straight lines. The

slope of each line is the rate of decomposition in absorbance
units per minute which we transformed to a rate in molar

" ‘per minute using the extinction coefficient of chlorine

dioxide at 370 nm (104 M-} mm") Table 1 summarizes

“'the rate of decomposxtlon correspondmg to each configu-

final absorbance of the reactor solution at 370 nm and N::ratxon and each wavelength.

Quantum Yield of Chlorine Dioxide Decomposition.

~ Using rates of decomposition and ultraviolet flux deter-

mined by chemical actinometry, we calculated the quan-

“tum yield of chlorine dioxide decomposition. Rates of

(decompos:tlon were corrected by subtracting the contri-

bution due to the ambient hght The incident photon

" flux due to the ambient light was very small compared to

““the flux emxtted by the lamps, and no correctlon was
necessary.

Table 2 shows that at 953.7 nm we found an average
“quantum yield of 0.42. At 300 nm we found a quantum
yield of 1.38. This value is in very good agreement with

““the value of 1.40 ngen by Zika et al. (1984), and higher

" than the value of 1 given by Bowen and Cheung (1932).

* As stressed by Zika et al. (1984), this latter value may be

~underestimated due to the broad spectral region (316-270
nm)'u’sed

-Photodecomposition of Sodium Chlori
Solution.-, A. Ur i 1
set of experiments wa

tions of sodium chlorite. Th

of the reactor solutlon m

versus tlme of 1rrad1

light. For safety 'x" , t
therefore, a portion of the chlori
can be attributed to evaporation.

Thisgraph shows that ultraviolet radxatlon hasa strongvr
0 ation
causes a fast decomposition at a'rate varying with the.

number of lamps used, and therefore with the flux of
determine an average rate of product

effect on the stability of chlor

ultraviolet light absorbed by the solution.

xide .c.i.slsappearance ;

~solution was

i ﬁydrmﬁde

consumed ¢ ont.e) a.re shown




Table 1. -Rate of Decompoutlon of Chlurme onnde for Vn'ious Lamp Conﬁgurauonsf

wuvelength (nm) ambient 2537 R v
no. of lamps 0 .2 4 v B 12
rate of decompn (M/min) >< 108 0.169 0 240 0 315 0 335 ‘

‘able 2. Quantum Yxeld of Chlonne Dloxxde Decompontlon at ‘253 7 and 300 nm j

‘wavelength (nm) " ambient 2537 2537 o
no. of lamps 0 2 4 6
rate of photon abs (M/min) X 103 O 0182 035 0394
rate of C10; decompn (M/min) X 10° 0.169 0.240 0315
quantum yield of decompn ‘ 039 041
0.08 U T 006
. pH 12,6 ; ,
L= 0.07 ~ . . - '
2 : ! 3 !
- 0.06 - . e
L - : 2 ;
E 0.05 - pH 124 . E }
< . i = i
b 0.04 - v i :
g . g : !
o 0.03 = v i
5 : pH 113 5 ,
T 002-pHS v T
~ i <
[ 1 . 1] .

Lt - y o : N e ‘ R . N e . OJ' C N v L P v . T 1
[ Ui 20 K" 00 e 0 0 20 30 R e
' Time (min) Time (min)
Figure 3. Photodecomposntxon of sodlum chlorite in

Evolution of reactor species and absorber species con: o]
unbuffered solutions. ClOz reacted (O) C]02 (A) ,Cl (#),

... Figure 4. Photodecomposltlon of ‘sodium chlorite in_solution.” ‘ i
. Evolution of reactor species and absorber species concentrationsat = |

pH 10 'Cl0,-reacted (@), 0102 (a), CI- (#), Cl; (0). Twelve lamps

Cl; (0). Twelve lamps in use. ‘ - in ‘use.
Table 3. Irradiation of Sodium Ch]onte Average (Based Table 4 Irradxauon of Sodmm Chlorxte.q "Average B’ ed
on Three Runs) Rate of Production in the Case of on Three runs) Rate of Production and Prod Y o .
“Inbuffered Expenments Twelve Lamps in UW oo o the Case of Buffered Experiments Twelve .ampi inUse !
rate of production ___species pH 4 pH5 pH6 PH7 pH8 pHY pH0 average
product (M/m“lm” oo 103 i S Rate of Production (M/mm) X109 E '
ClOy reacted  0.97+0.048 ClOF roacted 156 1. 79 182 148 115 095 0.0 R
ClO, 0.58 £ 0.030 clo, 100 115 118 ' 0.84 067 0. 59 0.54 i'
Cl- . 0290040 _C- 042 047 53, 047 038 024 021
OH- 069+£0.048 ; L, 0.05 " 0.00
Cl, 0.02£0.015 C10;- and CIO- 99%?,]
Cl0- 0.05+0.005 i o
Cl05- 0.04 £ 0.005 ClOz reacted 100 100

10, 64

ed th e bropo ‘ V 8{, o 27

tions by formmg the ratio of the productra _..ClOy and CIO- a

rate of dissociation. Data are sur di ;
Hydroxide, chlorine dxoxxde,

. SC owed slight change in pH. Figure4shows
n lesser amounts. tl ion"o ctor products dunng a run at pH 10.
ity, and the ‘rate of ‘ d

Sodium Chlorite. We stud;ed the hotodecomposition

of sodium chlorite solution buffere T
The solutions were p

chlorlte in 0 2 M sodi

* y bu ermgthhOl
..hum carbonate and adjustmg the pH thh sodit
icarbonate.

Inthis set of experiments, the nitrogen flow rat : was set
at 4000 cm3/min and v

Afterirradiation, we titrated for: eacto peciesias befors. steps of the process: that the stoic riometry o
The sum of chlorate and hypochlorite rates was determmed reactioni is fixed by the elementary steps 0



~ asimilar reactor and low-pressure:
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Figure5. Rate of formation of chlorine dioxide at various pH values
and in the case of unbuffered solutions.

and that the steps are interdependent in such a way that

they do not allow for independent productlon of the
products, Cl-, C10;, and OH-.

Karpel Ve] Leitner et al. (1992a b) studled the photo- i
decomposition of chlorine dioxide and sodium chlorite in

aqueous solution by irradiation at’

in their work chlorme dioxide was
reactor, but was subject
of experiments, they studied the

of 0.4 mol of chloride and 0.6 mol of chlorate per mole of
reacted chlorine dioxide. In asecond set of exper'
they studied the decomposmon of sodium ch
Chloride and chlorate were also the major d
products, reported at yields of 0.6 n;ol of chl
mol of chlorate per mole of reacted ¢

We will use our results and the results of others in

proposing a stoichiometry and a mechamsm for the

photodecomposition of chlorite.” We will show tha

results are consistent with those of Karpel Vel Leitneret "~
al. (1992a) if we assume that chlorate forms only from  Ifwe
tudies (Karpel‘ ,

chlorine dioxide, We
Vel Leitner et al., 1
1972a,b) to explam the presence of hypoch

complete conversion of chlonte

Toexplain the stoichiometry, we examme reaction steps '

which have been pre\nously proposed According to

Buxton and’ Subhani (1972b), the prxmary photodecom-

position of chlorite ion may occur in several ways:

E hy
CI0; — (CI0,)* ©

(Cl10,)* + Cl0,” — Cl0, + CIO"+ 0" (18)

: hy . .
Cl0,” —ClO"+ 0('D) G

h, A e T e e G e e,
Cl0, = CI0+ 0" e

followed by secondary resctrons

O +H o OH-+0H (14)

-more likely to occur thanreaction 8si
~react, yielding chlorate. Reactxon 7 has been shown by
““Buxton and Subhani to be unimportant at 253.7 nm.
- Similarly we suspect that reactions 22 and 23 are faster
" than 24 since Cl would further react (in a complicated
" patterninvolving chlorite, producmg chlorate. Ithasalso

cury lamps; however
ot sparged from the suggest that
ecompositionof chlorine "
dioxide and determined that chloride and chlorate wereh N
the major decomposition products They reported ylelds

' dxoxxde they proposed the

3CI0; + H,0 — CI + 2010, +20H +050, 21 If we combine this equation with

YW, AW

'S AR¥)

o ‘oﬁ ¥ CIG; —CIO

ClO- is also decomposed by ultravxolet lnght as shown

"by Buxton and Subham (1972&) “They: proposed

Clo- f~ Cl"+0('D) 22
he )
ClO"—CI' + O¢P) (23)
' hy o ' ,
ClO"~Cl+ 0" (24)

- Our proposed stoxchxometry can be explained by the
“addition of reactions 9, 18, 14, 15, and 22 (or 23}, the sum

of which equals reaction 21.
On the basis of our results we belleve that reactlon 9is
ce CIOwould further

been shown by KarpeI Vel Leitner et al. in another article
en hypochlonte and chlorite
] ate. However, our results
reaction, like reactlons 7,8, and 24, is of
lesser importance than the reactions we mcluded in the

“‘"“mechamsm

Our overall storchlometry is supported by the overall

'”photodecompos:txon reactlons reported by Karpel Vel

Leitner et al. (1992a). For the deeomposxtxon of chlorine
ywing reaction:

100102 + 5H20 - 4Cl‘ + 60103 + 3. 50 + 10H+ (6)

For the decomposxtron of chlonte, they proposed

10010-‘4-601-'+4cxo +40, (19

sass multaneous algebraic
: by multiplying equation
ub!:ractlng one equatlon

19by 3 and equation

Y ,
" from the other. The result of this calculation is
We propose the following overall stonchxometry for

3ClO,” + 2H* — CI" + 0.50, + 2CI0, + H,0 (25)

001640

H,0 —~H* + OH" (26)

and eliminate H*, we obtain equation 21.

_Assuming the proposed mechanism (reactions 9, 18, 14,
15,22, or 23) for formation of chlorine dioxide ant assuming
chlorate forms from chlorine dioxide by reaction 6, we can
estimate the distribution of chlorine dloxrde, chloride, and
hydroxide we might have observed in our experiments if
chlorine dioxide had been completely sparged from the
reactor before it reacted.

“Table 5 (column 2) shows the experim o
To eliminate chlorate from the products in Table 5, we
use the stoichiometry of reaction 6. This reaction shows
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Table 5. Expenmentnl Product Yleldl.ﬁCorrecteddaw R

Experimental Proeduct Ynelds, and ;
Yields Based on Reaction 21, in the Case of U», uﬂ'ered

Reactor Solut

S

.D. Quantum Ynel& of Sodﬂxum Chlonte Photode-

”composmon and Chlorine Dioxide Production. To’
~ - determine the quantum yield of sodium chlorite decom-
- position, we divided the rate of decomposition of sodium

éxpertl Product Yields chlorite by the absorbed phdton flux determined earlier.
unbuffered  corrfor theor "'“iuct yxelds " Sodium chlorite decomposition experiments were runwith

species soln ClOz decompn based on reacnon 21 _ areactor figuratxon utilizing 12 lamps. The absorbed
ClOgreacted 100 100 00 photon flux is in that case 1.4606 X 10-6 mol of photon/s.
ClO, 60+ 3 67 66.7 ‘Table 6 shows the quantum yleld of photodecomposmon
cr- 304 0 32 333 _of chlorite and the quantum yield of production of chlorine
OH- %5 64 667 dioxide for various pH values. These results are in very
g}ﬂ‘o_ g:g‘s good agreement with the study of Karpel Vel Leitner et
105 4105 al. (1992b). They found a quantum yield of photode-

Table 6. Quantum Yield of Photodecomposition of Sodmm ’
Chlorite and Quantum Yield of Production of Chlorlne o

Dlox:de at 254 nm, for Vnnous pH Condmons

~ 7and 8. We found a ve
~..8. Our results are also
~-given by Buxton and Subhani (1972b). At 253.7 nm they

" average rate

quantum

pH Product (M/min) X100 yield  0.54 at pH 10 and 0.9 at natural pH. For the quantum
unbuffered  ClO,produced | ST 47""1 ’ "';‘"')}'leld of chlorine dioxide productxon, they determined a
‘ ClO;- reacted .. .077 " value of 0.24 at pH 10 and 0.41 at natural pH.

4 ClO; produced 100 080 E. Effect of Nitrogen Flow Rate on the Reaction.

5 g{gf ’:ﬁﬁg 4 ifig , (l]g‘; , ‘The effect of the nitrogen flow rate used in spargmg“
cmf—preaéted ' 1789 T 1as “-product gases from solution, has been investigated using

6 ClO; produced 1176 094 the reactor equxppedmth buffered chlorite
CIOy reacted 1922 183

7 ClO;produced ~  0.839 .. 067 ranged between 0 and m3/m1n

8 g}g’ ’:;i":ecgd éégi ~ - é ;2 : - .- Table7 shows the rates of production and product yields
ClO:-pre acted 1148 092 *for several values of nitrogen flow rate. The table shows

9 CIO; produced 0.586 047 that, at zero flow rate, no chlorme dioxide is observedA ‘
ClO;" reacted 0.948 - 0.76 afterasuff’ icien i

10 C1O; produced 0543 043 chlorine di r ,
ClO;- reacted 0.900 0.72 and chlorate plus hypochlont,e decrease substantially.

Q vo eliminate the 5 mol of hypochlorite from the products
Table 5, we assume that hypochlorite would eventually

chlorine which we found in the absorber samples, because

of the large uncertainty associated with its concentration k

and the large percentage deviation we observed in repeated
experiments. ' ‘

The sums of all of the adJustments to the product
distribution are —4 mol of chlorate, 5 mol of hypochlorite,
+6.7 mol of chlorine dioxide, +7.7 mol of chlorxde, and
-6.7 mol of hydroxide. Table 5 givesa comparison between
experimental coefficients, corrected experimental coef-
ficients, and theoretical stonchxometrlc coefficlents based
on reaction 21.

react by reaction 22 or 23, producing 5 mol of chloride.
Therefore, this 5 mol would be added to the ‘product
distribution. We did not attempt to account for the

composition of sodium chlorite equal to 1 fora pH between
18 at pH 7 and 0.92 at pH
d agreement with the results

found a quantum yleld of chlorite decomposmon equal to

These results are consxstent w1th previous ‘discussion and

show that at low flow rates our results suggest the
stoichiometry observed by Karpel Vel Leitner et al.
(1992a). At high flow rate (as chlorine dioxide is more

_ rapidly removed) the stoichiometry approaches that of
reaction 21. S
The spargmg rate plays an xmportant part in the,

production of chlorine dioxide. If it is too low, chlorine
dioxide is decomposed due to a large residence time in the
reactor. The decomposition of chlorine dioxide absorbs

partof the ultraviolet light which is therefore not available

forthe decomposmon of chlorite. This would explain the

,,decrease in the rate of decomposmon of chiorite at low

nitrogen ﬂow ra(e If the flow rate is too hxgh, some of the

Lamps in Use ‘Unbuffered Reactor Sohmons .

species S ‘ 500

Rate of Productxon (M/min)'X 103

oer 095

Clogrescted 061 om0 o b G

Clo; 0 0.14 0.26 0.41 048 (.58 B R .Y

cr ' 0.26 0.29 0.32 025" 0.27 029 T8

OH- NMe 029 043 R 080 08 e 090

Cl, NM . ©0.06 0.06 " 0.04 T003 T 002 T 002

CIO;- and CIO- 029and006 015 017 006 006  004and005 006
Product Yield (M/M of Chlonte Reacted) 001641

ClO;~ reacted 100 o100 100 100 C100 T 100 " '100

ClO; 0 20 83 51 ‘ 55 60

Cl- 43 C 42 42 32 82 29

OH- M 4 .. 56 66 69 M o

a M T e ey Bt

Cl05- and CIO- 48and 10 22 7 gty T 7 " 4and5

9 NM = not measured.




using unbuffered sodium chlonte solutnons and the )

photochemical reactor equipped with 12 lamps. The
nitrogen flow rate was held constant at 4000 cm3/min.
The initial concentrations used were 0.01, 0
M. Product yields were not affected by the

on rates of production and rate of chlorite photodecom-
posmon

Concluslons

In studies of photodecomposxtxon of chlorme dmxnde o

nge in the
initial concentration. Atthe condltxons of this study, the
initial concentration does seem to have a significant effect N

"Callerame, J.

= “Calvert, J. G;thts Jr.,

by irradiation with ultraviolet light, we determmed the
quéntum yield of photodecomposm f chlorine di ide

at 253.7 and 300 nm. At 300 nm our results agreed with
the value 1.4 given in the literature (Zika et al., 1984). At

253.7 nm we determined a quantum yield of photode-

composition equal to 0.44 at 25 °C,.

In studies of the reaction of photodecomposxtlon of
sodium chlorite in aqueous solut:on af
chlorine dioxide by sparging with ni

the photodecompos1t10n We propose the followmg overall
reaction:

hy IR ' s N et L ey g L W o S, ot
3CI0;” + H,0 — CI" + 2CI0, + 20H" + 050,

On the basis of our work and the work of several authors, o

we conclude that chlorate is not formed dli'ectly as a

product of the photodecomposition of chlorite, but by

decomposition of chlorine dioxide produced from chlonte

Although some hypochlorite may be formed as an inter-
mediate, it is also further decomposed to chloride and

oxygen.

(Buxton and Subhani, 1972h).
The rate of photodecomposition of chlorite increases

with decreasing pH. Product yields remained constant

for all values of pH.
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Nomenclature
(C10g)* = chlorite ion in excxted state ‘

-O('D) = oxygen atom in excited state

O(°P) = oxygen atom in ground state
hy = photon
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Studies in Sodium Chlorite: Part II— The Mechamsm of
Photodecomposition of Sodium Chlonte ”

G. M. NABAR, C. R. RAMACHANDRAN EVIAT sHE"”‘u )
Department of Chemical ‘Techrology, Uni

‘mversxtv of Bomba\
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investigated using sunhght and li"

The photodecomposition of aqueous sodium chlorite solutions at diﬁerent pH values has beenw

QUEOUS sodium ' chlorite solutions, which are
stable under alkaline conditions, can be acti-

vated by acidification. Actwated chlorite
solutions evolve chlorine dioxide and ﬁnd use'in the
bleaching of textiles and wood pulp. In an earlier
communication!, it has been shown that under

certain condltlons ammonium salts activate sodium
Incident light is also known to

chlorite solutions.
activate chlorite solutions with the liberation of
chlorine dioxide. :

No work seems to have been done on the stoxchlo-
metry of photodecomposition  of sodium chlonte,
A systematic quantitative investigation / the

products of photodecomposition of aqueousSodium

chlorite solutions, at acidic and alkaline pH values,
was, therefore, undertaken. ;
of these investigations, a mechanism for the photo-
decomposition of sodium chlorite has been pro-
posed.

Experimental Procedure

Commercial sodium chlorite of the following
composition was used: NaClO,, 78-10; NaClO,,
1:30; NaCl, 15-31; and moisture, 2-68 per cent. A
Oflgpeg cent solution of sodium chlorite had a pH
o .

In the study of the chemistry of photodecompo-
sition of chlorite, the total available chlorine, chlo-
rine  dioxide, total oxidizing power and chloride
were estimated by standard methods®?

Photodecomposition of chlorite solutzons-—— For the
study of the effect of hght on Lhe nature of

- Results and Discussion
Based on the results

" in the beginning and also at the end of 3 hr.

,unbuffered chlorite solutions to hght with increase

_showed a_
_.slight but progres ne decrease (Fxg 1).

have been proposed for the decomposltion of acxdic and alkaline solunons'respecnvely
6NaClO; — 2NaCl0,+4NaCl+30,4
10NaCl10, —> 2Nac1o,+sNacl+2Nac’f‘o;’~‘p'3“‘o",f S

decompocxtxon lxght emxtted by an encioeed carbon ‘
arc of Atlas fadeometer was used. In some experi-

‘ments, sunlight was also used; these experiments

were carried out at about the same time every day
and as far as possible completed within a week so
as to minimize any variation due to possible changes

in the spectral energy distribution caused by meteoro-

logical and geographical factors. ‘Buffered chlorite
solutions were exposed in pyrex test tubes fixed to

the rotating frame of the fadeometer.

The photodecomposition of sodium chlorite was

,studted under various conditions of #H, concentra-

tion and period of exposure.

001643
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 Effect of pH on The self- dec0mj>osztzon of sodium
chlorite — In order to study the effect of change in
PH on the self- decompoemon of sodium chlorite in
the dark, O-1N solutions were adjusted to various
#H values at room temperature and stored in the
dark for 3 hr. The chlorite content was estimated
The
extent of decomposition at pH 4-0, 49, 60, 7-4
and 7-98 was 2-5, 1-5,1-1, 0-6 and 0-4 per cent
respectively. These results indicate that there is
slight decomposition of chlorite under these con-
ditions and the percentage decomposition decreases
with increase in pH. In the case of exposure of

in the period of e\posure the pH of the solution
small ‘rise initially followed by a
). Similar
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Fig. 1 — Effect of period of exposure in fadeometer on the

»H of sodium chlorite solution

observations have been recorded for thermal de-
composition of sodium chlorite?.

To study the effect of #H on the 'p‘hokfodec':onvlgpb:

sition of aqueous sodium chlorite, 0-1N solutions
were buffered to various pH values and exposed to
fadeometer arc for 30 min. The extent of decompo-
sition of sodium chlorite solution buffered to ?H

4-76 using sodium acetate+acetic acid buffer was =~ , te so L
_rately to fadeometer arc light and to direct sun-

792 per cent. Solutions buffered with sodium
dihydrogen phosphate-disodium hydrogen phos-
-phate buffer to pH values 5-84, 6-94 and 8-94 showed
decomposition of the order of 68-93, 67-38 and 48-70
per cent respectively. The activating influence of

light on the decomposition of sodium chlorite is

evident from these results. In ‘this case also, as
observed earlier, the percentage decomposition de-
- creases with increase in pH. Thermal decompc-
sition of sodium chlorite follows the same trend:.
Influence of chlorides on photodecomposition of
sodium chlorite — Barnett® found ‘that chlorides
accelerate the thermal decomposition of chlorites.

‘White ef al.® reported that there was no acceleration

of the decomposition of chlorite due to the presence
of chlorides. In view of these contradictory reports,

it was considered of interest to examine whether

chlorides influence the photodecomposition of

sodium chlorite, Different quantities of sodium chlo-

ride were dissolved in 50 ml. each of aqueous sodium

chlorite solution (0-085N) in pyrex test tubes and

TABLE 1 — RATE OF PHOTODECOMPOSITION OF BUFFERED SODIUM CHLORITE SOLUTIONS'

 perature of the solution was 54°C. in the fadeometer
~and 36°C. in sunlight. The results presented in

"“é<posed to fadeometer arc for 30 min. The extent

of decomposition of sodium chlorite with 20, 60,
80. 100 and 120 g./litre sodium chloride added was
27-40, 27-89, 28-34, 28-78 and 28-87 per cent respec-
tively as compared to 28-50 in the absence of sodium
chloride. Contrary to the views expressed by
Barnett®, these results indicate that sodium chlo-
ride does not accelerate the photodecomposition of
sodium chlorite.

 Rate of photodecomposition of sodium chlorite —

* Aqueous solutions of sodium _chlorite, buffered to

pH 82 and 3-8, were exposed to fadeometer arc in
pyrex test tubes. The - decomposition of sodium
chlorite was determined every 10 min. The results
given in Table I show that the percentage decompo-

- sition decreases with increase in_the initial concen-
tration, both in the alkaline and acidic pH ranges.
. However, when the decomposition is expressed in

g.(litre, high starting concentrations give higher
decomposition values under alkaline as well as
acidic conditions. . o

Relative photodecomposition of sodium chlorite solu-
tions in fadeometer and in sunlight — An aqueous
sodium chlorite solution (0-02N) was exposed sepa-

um _chlorite

light. The final concentration of
was determined in both case

Fig. 2 show that the decomposition behaviour of
chlorite is similar in both the cases, but the extent
of decomposition is different. This may be pri-

‘marily due to the difference in the intensity and
_spectral distribution of the incident light as well as

the difference in temperature in the two cases.

_Experiments carried out with different initial con-
~centrations (0-05 and 0-0143N) of sodium chlorite

gave similar results. However, in both types of

with decre
Stoichiomeiry of photodecomposition of sodium chlo-
rite — For an understanding of the mechanism
of photodecomposition of sodium chlorite it is
necessary - ‘to consider the stoicfhlyometxry of the

pH Initial Decomposition (9}) of sodium chlorite after »
conc. of e o s S g
. NaClo, 10 min, 20 min. 30 min. 40 min. 50 min. 60 min: $0 min.
820 0:0409 24-84 5817 8366 85-23 9607 98-04 -
(0-23)* {0-54) (0:77) (0-79) (0-89) (0-91) e
0-0878 8351 3009 5501 81-17 — 9699 9879
; (017) 7 (060) (1099 (161) — (1-93) {1:96)
0-1020 497 21-99 4686 7227 e . 91-38 98-72
(0-11) (0-51) (1-08) (1-67) = (2-11) (2-28)
3-80 0-0775 9-03 3086 6366 9699 9977 = —
(0-159) {0-542) (1-152) (1-702) (1-752) — _
-0-1058 1021 3028 S444 7449 9945 0984 —
' C 0-244) 0525y (1-303) (1-78%) (2°368) {2-370) =
: 0-1549 894 —n 38°68 — ... 8106 97-21 -
: (0-314) — (1-356) - (2842 {3-408) —

*The values given in parentheses represent sodium chlorite decomposed, g./litre of solution.
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Fig. 2 — Edect of period of exposure téf"l‘i‘gi{{ ,"dri""‘thé,f
) decomposition of sodiumchlorite

photoreaction. When sodium_chlorite solution is
exposed to light, sodium chlorate, sodium perchlorate,

sodium hypochlorite, sodium chloride, chlorine di-

oxide and oxygen are likely to be "for,mgc_l.'; In addl- )
tion to these, varying quantities of sodium chlorite

may also be present depending on the degree of
decomposition.

From preliminary experiments the following obser-
vations were made with regard to the nature of the .
products formed as a result of photodecomposition:

Sodium chlorite, being the major component of the
starting material, was present in the final products,
where decomposition had not proceeded to comple-

tion. ; , R e/
Sodium chloride and sodium chlorate wer€ already

present as impurities in the commercial sodium

chlorite used. These were also formed due to the
Photodecomposition of sodium chlorite. Experi-
ments conducted on chemically pure sodium chlo-
ride and sodium chlorate showed that these salts
were not affected by light under the conditions cf
the experiment.

present. If hypochlorite is formed during the
reaction as an intermediate product, it would get
decomposed instantaneously. Since hypochlorite
cannot exist in the presence of chlorite, they react

‘With each other according to the following equa-

tions, depending on pHS: «

NaCl0, +NaClO — NaCl+NaCIOy . . - - (1)

" 3INaClO,+ ZHCIO 2N aCl < NaClo

‘chlorite. , } ‘
~ Unbuffered aqueous solutions of sodium chlorite

s+ H,0+2C1024
I , L (2)

Sodium_ perchloratc — An  aqueous solution of
sodium chlorite (5 per cent), approximately of pH
3-4, was exposed to light till the decomposition
was complete, when the solution became colourless.
It was then evaporated to dryness on a 'water-bath,

- cooled, extracted with 5 ml. of SN hvdrochloric acid

and evaporated again till the evolution of gases
subsided. The residue was “dissolved in distilled
water and neutralized”. Sodium perchlorate was
found to be present in the reaction products. In
some experiments, aqueous solutions of potassium
perchlorate (Analar) were exposed to light for differ-
ent periods. Perchlorate was not affected by the
exposure. L ’ o ,
Chlorine dioxide and chlorine® — The gases formed
during photodecomposition of sodium chlorite were
absorbed in ‘neutral potassium iodide solution.
The liberated iodine was titrated against standard
sodium thiosulphate solution. To another aliquot,
dilute acetic acid was added and the iodine liberated
estimated. The volume of thiosulphate solution
for the first titration was one-fifth the volume of
that for the second. This showed that only chlorine
dioxide was formed and not chlorine. If chlorine

..were also formed, the ratio of volumes of thio-

sulphate solution in the two cases would have been

- different as the following equations show:

(Neutral medium)

L CLH2KI2KCIHT, L@

{Neutral medium)

- KCIO,+4KI+8HCI35KCIL2H,042, ... (5)

e (Acid medium)

" Analysis of reaction products — Preliminary experi-

ments showed that pH is of considerable importance

in the study of the chemistry of chlorites. Hence,

the proportions of the products formed under vary-

~ing conditions of pH were determined with a view

to arriving at a reaction mechanism ~which
would explain the photodecomposition of sodium

(50 ml) were exposed to fadeometer arc for 2 hr
and sodium chlorite, chlorate and chloride were
estimated in the reaction products by the methods

~already mentioned. From the results given in
Table 2, it is obvious that the quantity of sodium

chlorite decomposed and the amounts of sodium

chlorate and chloride formed can be expre‘ss‘gd‘a‘s:h 3

0-1853 g. NaClO, on decomposition gives 0-0810 g.

€3 , S s oo NaClOg and 040795 g NaCl (Exp. 1)
Sodium_hypochlorite was not found either in the e it '
original chlorite or in the reaction products. At no
stage of the reaction hypochlorite was found to be

0-2003 g. NaClO, on decomposition gives 0-0887 g.
NaClO; and 0-0877 g. NaCl (Exp. 1I)

©0-0500 g. NaCl0, on decomposition gives 0-01942 g.
NaClO; and 0:0222 g. NaCl (Exp. 1II)
Expressing these results in terms of moles, -
INaClO, - 1-11 NaClO;+1-99NaCl

3NaClO, —» 112 NaClO, +2:03XaCl

3NaClO, — 0-99 NaCl0, 4205\

001645
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TABLE 2 — ANALYSIS OF PropUCTS FORMED. BY EXposiNG UNBUFFERED AQUEOUS SOLUTIONS OF Sonttm CHLORITE

FOR VARIOUS PERIODS

Product | 0-1816 soln 0045V soln
Initial ‘Amount . Amount Initial Amount 1
amhunt after 1 hr  after2hr ... amount after 2 hr .
“g. (Exp.T) (Exp. 1) e (Exp. 11I) !
Sodium chlorite 02055 00202 . 0:0050 ‘ 00509 0-0008
Sodium chlorate 0:0073 00883 0-0956 0-0011 00205
Sodium chloride 0-0392 0-1187 0-1269 0-0129

By rounding off, the photodecomposition of an

unbuffered sodium chlorite solution may be re-
presented as follows: L ; ‘

6NaClO, — 2NaClO;+4NaCI+30:t . ... (6]
From the results of analysis of the decomposition

products obtained by exposing sodium chlorite solu-

tions, buffered to pH 843, the following ‘Gbservations
were made:

3NaClO, — 115 NaClO,+1-96 NaCl (Exp. IV)

NaClO, — 1-13'NaClO,+1-96 NaCl (Exp. V} =" 110100 eCom posItiC
3NaClO, — al, 105+ acl (Exp. V) = chlorite solution, the pH of the solution increases

3NaClO, — 1:10 NaClO,+1-94 NaCl (Exp. VI)
i.e. 6NaClO, —» 2NaClO,+4NaCl and, therefore, the
reaction carried out at pH 843 can also be re-
presented by Eq. (6). The production of oxygen
as a result of the decomposition of sodium chlorite
has been reported®®. Under alkaline conditions
sodium chlorite appears to decompose quantitatively
into sodium chloride, sodium chlorate and oxygen.

On exposing “aqueocus “sodium chlorite solutijons
buffered to pH 4-0 the following observations were
made: : '

NaClO, — 0-1947 NaClO,+0-6396 NaCl (Exp. VII)

NaClO, - 0-2091 N aCl0;+0-6096 NaCl(Exp. VIIT)

The mode of photoreaction of sodium chlorite
under acidic conditions appears to be different from
that under alkaline conditions. Acidic solutions

‘decompose ' both due to acidification and photo-

activation. However, photodecomposition is the pre-
dominant reaction as could be seen from the fact
that a 0-1V solution of sodium chlorite at pH .4
decomposed to the extent of only 2-5 per cént at
room temperature in 3 hr in the dark (Table 1),

whereas the same,” when exposed to fadeometer

arc, decomposed almost completely in ¢.'1 hr. The
chlorate and chloride formed did not account for
all the sodium and chlorine present in the sodium

chlorite decomposed. For every molecule of sodium
~ chlorite decomposed, 0-2 atom of sodium and 0-2

atom of chlorine could not be accounted for by
chlorate and chloride formed. I ‘
As mentioned earlier, qualitative examination of

‘the photodecomposition products of sodium chlo-
rite showed the presence of chlorate, chloride and

14
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The results of the forégoing may be summarized

“as follows:

1. During photodecomposition of aqueous sodium

in the initial stages of exposure, followed by a slow
decrease. o : :

2. In both the cases of exposure, i.e. to 'sunli'ghtk
and carbon arc, the percentage decomposition of
sodium chlorite decreases with increase in pH of the -

solution. e e :
3. Soluble chlorides neither accelerate nor retard
the photodecomposition of sodium chlorite.
4. The percentage decomposition of sodium
chlorite during exposure™to light decreases with
increasing starting concentration.

©#~ 5. By analysing the reaction products quan-
- titatively, the following chemical equations for the

ite solutions,

photodecomposition of sodium chl

under alkaline and acidic conditios respectively,
are suggested:
- 6NaClO, — 2NaClO, +4NaCl+30,t . . . .. (6)
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“sis of C1,0, and C1,0, )i

| CHAPTER 82

' Chlorine Dioxide

Rod G. Zika, Cynthia A. Moore, Louis T. Gidel,
; and William J. Cooper

Many water trcathnt,f acilities, at some point after or immediately before
addition of the oxida‘u, expose the water being treated to direct sunlight.
Because of the signifizant sunlight absorption by some of the oxidants, the
chemical pathway leacing to their decomposition can be dramatically altered.
Potentially, this can hjve a proriounced effect on the nature of the inorganic
by-products of the oy idant decomposition and on the halogena}:cdﬂprganic
materials produced vi+ interaction with the oxidant photoproducts. In sun-
light, direct photolytic decomposition will only be significant for those oxi- ,
dants that exhibit apps::ciable light absorption a1 wavelengths longer than 300

nm. Of all the water tr¢atment oxidants, ClO, is most prone to photochemical

decomposition duringsunlight exposure. This is because of its high light
absorption in the nearUV and visible region of the spectrum and high quan-
tum yields, reported tojbe 1.0 mol/Einstein at 405 nm and Jower wavelengths.
The gas-phase photothemistry of ClO, has been studied extensively.’ How-

ever, far less attention lias been paid to its photolysis in aqueous solution.> In
the gas phase, the primmjary photochemcial reaction is the homolytic fission of
the chlorine oxygen bohd:

i
|

ClO, ~ CIO + O | (1)

The products of this primary reaction then go on 10 generate secondary prod-
ucts such as chlorine rjeroxide (CIO0), excited state oxygen (O,*), chiorine
(Cl,), chlorine trioxide{(C1,0,), chlorine hexoxide (C1,0,). and the recently
proposed chlorine percllorate (CIOCI0,).8 - :

In aqueous solutior!, the primary photoreaction product CIO is not
observed, and O appe; ‘ '
oxygenaled aqueous solutions.? It is postulated that the reaction proceeds, as
in the gas phase, 10 givd CIO and O, but these products then undg:rgo solvent
cage recombination Lo ginerate chlorine atoms and molecular oxygen. | i-
tion, arapid bulk solul’jon reaction between ClO and CIO, produces
and the reaction betwee

1 Cl (or C1,) and CIO, leads 10 C),0,. Rapid hydroly-
, lfads to the formation of the observed products C10,-,
C10," and Cl.~ The ove ali reaction is as follows:

5.
B

1041

|
i
)
i
[
i

SunliLht-lnduced Photbdéc'omp'deit“ionykpﬂfuy R

rs 10 be a minor product since little O, is found in
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ClO, = (CIO + O) cage : 2

(CIO + O)cage = Cl + O, o , 3)

Cio + ClO, ~ CL,O, | )

ChoOy + H,0 = CO* + CIOy + 2H-  (5)
Clg CI — Cly - (6)

Cl (or Cl) + CIO, ~ CL,0; L (7)

CLO, + H,0 = C + CiOy + 2H- (8)

0+0;, -0 ®

Interestingly, although ClOz has the distinct advantage in water treatment of

not having the capacity to oxidize Br-, many of its transient photolysis prod-
ucts do. The appeararice of transitory species during the flash photolysis of
ClO, solutions, which contained low levels of Br-, have been reported.? The
transients are believed to be Br,” or BrCl-. The information on the reactions of
these radicals with organic compounds is scarce; however, it has been shown
that they do react at appreciable rates with alcohols.® By analogy with the Cly
radical, bromine radical anions should undergo addition to alkenes and aro-
matic compounds. R I T

In this chapter, the light-induced decomposition of ClO, is examined in an
attempt to characterize inorganic products and trinalomethane (THM) forma-
tion, and to describe the extent to which sunlight-induced photodecomposition

might occur during water treatment.

EXPERIMENTAL

Chlorine dioxide used in this study was prepared from sodium chiorite (80%
purity) obtained from Alfa Products and potassium persuifate ( reagent grade)
obtained from Mallinckrodt. A standard procedure was used to prepare and
handle the ClO,.10 Stock solutions thus prepared were stored refrigerated and
protected from light. They were standardized immediately before being used in
experimemts. o e e o

Chlorine dioxide solutions for sunlight reaction studies were prepared by
adding the concentrated stock solution to organic-demand-free water in 10-cm
quartz spectrophotometer cells. The cells were sealed so that no headspace
existed. The initial concentration was calculated from the measyred absorb-
ance at 360 nm using a molar extinction coefficient, £, of 1035 L mol! cm-',
Sunlight exposure experiments were conducted on the roof of the laboratory.
The integrated solar flux during the experiments was determined with an
Eppley Laboratory Ultraviolet Radiometer, Model TUVR. Changes in the
ClO, and light absorbing product concentrations during the course of the

experiments ‘were determined from the UV-vis spectra. ionuols were run

001649
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~Sunlight Studies

~'wavelength dcpcndence

simultaneously by storijg sample cells in the dark at the same temperature as

the hghl-cxposed samp

were conducted in 2 si|

laboratory f luorcsccm 1

Quantum yield studi¢s were conducted using a Kratos/Schoeffel 1000-W_
mercury-xenon monociromatic irradiation system. Quamum vields Were

determined at the mercu
with a bandwidth of ~
ferrioxalate actinometry!.
spectrophotometry celldi
ments. Time intervals |

“optimized 10 examine tle reaction during the first 10% of the decay

Natural water sample

at ~1.5 x 104M (10 g/L), topped thh addmonal water and capped with .

Teflon-lined septa. The
exposed to sunlight on 1
Radiometer, and the sai
haif-life for C10; (a ps
interval was usually abo
were then quenched by

s gas 10 quench 1
matography on a Dione
and 0.0015 M Na,C0; a
these conditions, the ag]
ClO;- a1 2.40; BrO, at

RESULTS AND DISCL

Agqueous solutions of
exposed 10 summer m
decay of ClO, is shown
a lifetime of <0.5 min

of ClO; were measures
compared with those de
reasons for the differen.
nol apparent but could !
is, for instance, no infoi
the reaction solutions. A
be negligible, it is possit
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es. Experiments mvolnng ﬂuorescent room lighting
nlar manner. The samples were exposed to standard
ghts on a bench ~7 ft below overhead light fixtures.

ry lines 296.7, 313.0, 334.1, 366, 404.5, and 435. 8nm,
 nm. The i intensity at each lme was dclcrmmed usmg

1. The measurements were performed in 10-cm quartz
in the same way ds described for the sunlight experi-
or light exposure varied (i.e., 10 to 120 5) and were -

were placed in 60-mL reaction vials, spiked with CIO, o

adding a slight excess of sodium thiosulfate. The
capped samples were refrigerated and analyzed by gas chromatography for

L:on analysis were prepared by purgmg residual CIO,
e reaction. Analyses were conducted using ion chroa
L Mode] J0 chromalograph wnh “f, "
s eluant. The column flow rate was 3.0 mL/min. With
proximate retention times in minutes for anions were
3.10; Cl at 3.45; Br- at 8.10; and ClO,- at 9.25.

SSION

601650

ClO; in sealed 10-cm spcc&rophotomeler cells wer: .
dday solar radiation. The resultant photochcmxcalw P 5
n Figure 1. The results indicate that €10, should have o
in water cxposcd to bright sunlight. To evaluate th‘e,“ R
of the reaction, quantum yields for the deyompo o

at varjous wavelengths. The quantum yields were
ermined carlier (Table ) by Bowen and Cheung.® The
es in quantum yields determined in the two studies are ,
be the result of the differences in methodologxes There”
mation in the Bowen and Cheung report on the pH of
Ithough differences between pH 7.0 and 9.0 appearto
le that the spread could be significantly largcr at more“";_‘ o




differences in the bandwidth of the incident radxauon In the

1044 WATER CHLORINATION

1.6 4 ) )

I
1
|
1
i
!
{
i
!
!
|

time In sec.
i

1.2 1

0.8

i
:
i
1
i
i
1l
i
t
i
i
1

ABSORBANCE

i
i
|

04 L
-] 'S | o
° o
o q ° i e
WAVELENGTR '(nm) i
!
Figure 1. Photochemical decomposition o! ch)onne daox'de aqueous solutlon in sunlight.
|
Table |. Decomposltlon Ouanlum Yields (%) of C B ! T
Wavelength From Bowen : Th" Work ':"H
{nm) _____and Cheung® 1.0 | 8.0
296.7 B 1.40 3 0.03 © 1.47 4 0.09
300 100 B '
3130 : 0.98 + 0:02 0.86 ¢ 0.01
334.1 0.90 + 0,02 i 090 2 0.02
366.0 0.76 0.46 ¢ 0.02 1. 0.46 £ 0.02
404.5 0.51 0.13 1 0,02 !
4358 '

acidic pH values. In water treatment apphcauons however, pH Qalues inthe7
to 9 range are more hkely to be encountered in Cl,O2 treatment apphcauons

Another complication in ¢ ng | S| is caused py the possible
w?rk presented
g:n 7 nm was

eung report

here, a high-energy monochromator with a bandwzdx of less
used to isolate mercury lines. It is clear from the Bpwen and
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that for the 300-nm val:
nm was used. The rapi
region make it unlikely
agree closely. This same
other wavelengths. Unfy

icof & = 1.00, a broad spectral region of 316 10 270
1!y changing values of ¢ and CIO, absorbance in this
that the quantum yields from the two studies would
problem could contribute to the lack of agreement 4t
priunately, the filter combinations used in the Bowen
and Cheung report 1o isplate other mercury lines could not be reproduced in
our laboratory because the glass filters used are apparently no longer avail-
able. R V : ‘

-

Reaction Products

When CIO, is used as jan oxidant in water treatment applications, the resul-
tant thermal and photodhemical decomposition pathways become considera-
bly mare complex than [they are in ‘pure water solutions of ClO,. Composi-
tional variations in the farticular water can have a pronounced effect on the
mechanism and the proPucts generated. The occurrence of oxidizable sub-
strates in the water will cbntribute to the amount of ClO," produced from CIO,
via dark oxidation reactions. The photochemical decomposition of CIO, will
then also involve ClO,, Which has a moderately strong electronic absorption
speclra in the near-UV rdgion of sunlight. The complex nature 6f the mecha- ‘
Rism ¢an be observed fron the changing clectronic absorption spectra of ClO,
solutions during sunlight! exposure (Figure 2). It is obvious tha ClO; has a

Jifetime of <10 min in full sunlight and that its reaction products are CIO, and
OCT". The photochemistr) of ClO,- has been extensively covered elsewhere'.'s
and will not be further discussed here. It is worth noting, however, that the
photochemistry of ClO,| in disinfection ‘application will to some extent,”
~depending on the charactpristics of the water and the light-spectra! distribu-.
tion, involve the oxidants| ClO,, CIO," and OCI.- . ‘ o
The major stable end products of ClO, photolysis in aqueous solution are
Cl, ClOy and O,.5 The I and CIO; are produced through hydrolysis of
Cl,0, and C1,0,, with Cl- and C! also involved in the reaction sequence.?-$
An advantage of CIO; in isinfection is its inability to oxidize Br-; however, in
solution exposed to light, these intermediate oxidants could initiate reactions

such as mo -
01652

0y

Cl + Br = CiBr, an

O¢l" + Br — OBr + CI

In solutions of 1.5 x 10-4A
chromatographic analysis r
and CIO;". When 1 x 10-¢
observed as a product (Fig
the first few minutes of the

f ClO,, which were exposed (o direct sunlight, ion
vealed that the only major ionic products were Cl" .
M Br- was added 10 the solution, BrO; was also
pre 3). Although the CIO, was photolyzed during
reaction, the BrO;- gradually increased on contin-
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Figure 2. Photochemical decomposition of chiorite aqueous solution in synfight.

|
o 001653
ued exposure to sunlight. The amount of Br- concentration decreased initially
to 50% of that added and then increased as the reaction proceeded. This is
interpreted as an initial rapid oxidation of Br' to OBr,- which then reacts
photochemically!s !

3 OBr - BrO, + 2 Br- | (12)

to generate the observed product distributions. The OBr- pould not be
detected using the ion chromatographic determination as described previously.

In water containing significant amounts of labile organic {natcrials. the
organic product yields might vary because of avallable organic scavengers,
When CIO, was added to groundwater and exposed to sunlight, THM analysis
revealed a linear increase in bromoform formation Yith increasing Br- concen-

tration (Figure 4). The onset of significant CHBr, formation in this water

appears at about | mg/L Br-, A low yield of CHCI, was also observed which,
within the limits of analytical precision, appeated to be indep¢ndent of Br-
concentration. : S
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To examine the effec
water from three differ!
Br-, dosed with 1.5 x
'CHBr, are shown in T4
observed for all water s:

could be due 1o an increpsed

mine species at elevate
composition also affects
2 sample, which display
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ducts of CIO; photolysis in soluti
10, 8t pH 7.0, Verical axe

of natural water composition on CHBr
nt wells in the South Florida area wa
10-‘M CIO,, and exposed 1o sunlight. ‘
ible I for pH §, 7, 40d 9. The highest yields were
mples at pH S, which is not consistent with the usual
trend of increasing THM production with increasing pH. This decreasing yield
photolysis decomposition rate of the active bro-
PH.'¢ There is the added complication that water
the CHBr, production, as is indicated for

twait-nr m

containing 1 x 10-* MBI~

—

0.5

0.4
2

relative molar concenra:
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- Itis apparent from Fig.

~column itself and from

|
Teble Il Bromoform Forhation trom CIO, (ug/L) B
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Source of Water i Light  Dark Light  Dark  Light
Presion well 5 50 ND» 7 ND o

Orr well 2 a4 ND 2y ND, 7
Northwest well 3 1 'ND ND ND " ND N

*Not determined.

i

Br,", CIBr-) are’involveq
involved, then compos
anions may play an in

in THM formation is unknown. If , however, ih’é)}” are
tion factors such as the concentration of ino,rganivcy
ortant role. High levels of HCO, or CO,* would

rapidly quench active hplogen radicals, thereby limiting CHBr, production.

Another interesting ffcet of Br- involvement in ClO, photolysis is shown in

Figures Sand 6. In tficsc

experiments, 1.5 X 10-M CIO, solutions containing !

x 10M Br- were expoped to alternating 12-h light and dark pcnods Irradia-

tion during the light per

occurred during the da

re 5 that without added Br-, no sxgmﬁcan( CIO, o
k periods. When Br- was present, however, the initial

light exposure penod apparently generaxed photoproducts that enhanced the

- ClO,; decay reaction dufing subsequent dark and light exposure periods.

In summary, the nature of the compositiona) variations that affect CIO,
decomposition and CH3r, formation are still obscure, and the reaction mecha-

nisms are complex.

PHOTOCHEMICAL DE

The photolysis rate ;

[k
composimionMopELING 004655

nd half-life of ClO, were calculated for waters with

organic contents of 0.5§, 6.20, and 17.6 mg/L TOC using a modified versxonf

of the photochemical m;

ode] of Zcpp and Cline.7" The' photolysxs rate is calcu-

Jated based on the assumption that the loss occurs as a result of primary ~

processes. Any seconda

10 a faster rate. This odel calculates the atténuation of light in the water =
absorption and Rayleigh scattering within the water =~ '~

column resulting from

"y reactions that may lead to a loss of CIO, would Jead ™

he layer average amount of lxght absorbed bctwccn the

surface and a depth D.

olar fluxes at ground leve] are specified as a function

of time of day, season, jotal ozone column amoums and the latitude based on ",
the regression’ analysxs f Benner. 't Other cnitkal input parameters are water
absorbance, molar extiction coefficient, and quantum yield, all as a funcnon‘ ,
of wavelength. Except for surface photolysis rates, all other calculated rates

represent averages over the depth of shallow holdmg ponds with weak thermal
“stratification and suffid

mixing ¢ycles thc water,

’)’rom the bottom to the surface on a

iently sirong wind. Thermally or mecha call) dn}vcn

ods was supplied by overhead fluorescent room hghts [
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is the rate-limiting step. in the destruction of ClO,. As the photolysis rate

LATITUDE 40"
'," - POND DEPTH 1m
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Figure 7. Time-ol-day varihtion in hattlife of CIO; for suniight exposure for midsummer and
, midwinter in corjact pond water with 3 depth of 1 m.
than the half-life becauﬁsE of photolysis, 50 that photolysis rather than mixi

t

increases, the assumpticn is no longer valid; the calculated half-life is then
only a Jower limit, with ,Lnixing in the pond becoming the rate-limiting step in
the loss process. 't : - :

The time-of-day variatjon in the half-lif ¢ for a 1-m-deep pond at 40° latitude
in winter and summer is phown in Figure 7. A1 midday in summer, the lifetime
is about 1 min and is alpays <10 min during<he daylight hours. In winter, ;
photolysis is only important during the middie 6 h of the day. Figure 8 shows
the variation of the half-Jife with the depth of the holding pond for waters of
different clarities ranging from clear to dark-colored (i.e., 17.6 mg/L
clear water (i.e., 0.53 mg/L), the half-life is nowhere a itive to the depth
of the pond as for colored water. In 17.6 mg/L, bsorbed in

the upper 10 cm; therefcre, the loss rate will be deb‘endem on
the mixing. ‘ :







Tot Chadd Hemmann S
Yan Wang
Maurice Gutier z.vGary Kielman. Cayoe Warf

 Aprl 15, 1998

Vulcan Chemical
Technologies, Inc.

Chlorite Residual Investigation for LAwater & Power Reservoir Treatme

‘sample D). When the treated sam

Introduction

Los Angeles Reservow has been treated with chloririe, t,om k

last five years 1350 to 1829 ton:

algae growth. Every year over. the

.3 billion gallons of water in the

reservoir. The ch
Department o 3r and |
to achueve an earlier bloo

(disinfection byproduct) regulations (THMs<0/ppm) and to ens
altemative technotogues are necessary ‘

e formation of THMs. The

The Department's DBP task team has proposed to mveslng the potent:al benefits of usmg chlorine

dioxide as an algagp:de to con

to chlonne The byproduct of chlo'nne dioxide
a ‘contamin:

from previous stud‘tes ‘condu .
residual level using 1 0 mg/L of cmorine di

Conclusion

igae growth, especxaﬂy o control Hypnomonas ‘which is res:stant
e, chiorite, and chlorate, The prop

lorite of 1 .0 ppm’| (mgIL) The
‘ *mgIL‘too45 mgIL

chlorite (see Figure 1 and Tab!
the water afler & hours m the (
fluorescent light, 40%

chlorine dioxide :

ed completely within 2 ho







- Vera Melnyk-Vecchio, P.E.
District Engineer, Metropolitan District

g |11/

~ February 19, 1999

California Department of Health Services
Office of Drinking Water

1449 West Temple Street, Suite 202

Los Angeles, California 90026-5698

‘Dear Ms. Melnyk-Vecchio: N

Enclosed is the evaluanon report for our chlonne dtox:de ‘study at Los  Angeles Resrervou; 'rhe S

 test was conducted between October 8-10, 1998 and was a success in many ways.

Post-itt FaxNote 7671 s3] [Zsls I

‘ _Mr Paul E. Liu at (213) 367-0761

Algae was successfully mosted during the apphcatton with no tnhalomethanes formed The

Teservoir was put back in service will all the levels of by-products being met under the guidelines

set forth.

We are planmng to test chlorine dioxide agam as an algaeoxde ina ﬂow-through enmonmem at S

the reservoir sometime this year. We will notify you before this test begms Thank youforyour =
- “guidance and assistance throughout thxs study

If you bave any questions concetmng thxs matter please contact me at (213) 367-3 193 or

’ Smoerel

Ongmal Slgned By

= CA{w v\)anr [Fom Gy STO[amdc GARY F. STOLARIK

Co./Dept. Ice.
o ['Z>3°1-3173 |  GARYF.STOLARIK
e 1 ,DH’T?‘"’ TR Engineering Manager
o R S
Enclosure
¢ MrPaulE Ly
be:

File: DBP- Chlonne DlOdee o

JUL-31-2000 13:82 21337 3297 S %ex
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. Three 12, 000 lb/day ClOz generators and two OO-gallon sodium clﬂome tank
~ maintained throughout the experiment. CIO; ‘solut)

To: | Cabfonm Department ol’Health Se;%“ b
From:  Los Angeles Department of Water and Power N

Subject: Prelimmary Fvaluation of Chlorine Dioxide at Los Angeles Rescrvonr .

SUMMARY

The Los Angcles Department of Water and Power (LADWP) tested chlonne dioxide (ClOz) as -
an algaecide at the Los Angeles Reservoir (LAR) from October 8, 1998 to October 10, 1998.

LAR was isolated from service during the study. A total of about 28,000 pounds of C10, were

generated for nine hours on the first night (10/8-9/98) and six hours on the second night
(10/9-10/98). CIO, was apphed after sundown ‘avmd rapxd photodecomposmon when exposed

to sunlight. The three main ﬁndmgs are: ‘

e Rising chlorophyll levels due to Hypnomonas were arrested and reduced by 47%, e
* TAR stayed within the Department of Health Services (DHS) Timits for chlorine d:oxxde .
chlorite, and chlorate; AR
e Total trihalomethanes (1"I'HMs) were not formed with the levels decreasing shghtly by the
end of the study.

LADWP proposes 1o test ClO;ina ﬂow.through env:ronment next spnng 1999 before makmg a

recommendation on unplementanon of this algaecxdal technology at LAR.

BACKGROUND

proposed CIO, equipment setup, the experimental constraints, and the special monitoring and
sampling during the experiment. Thcre were three main objecnvee hsted m the proposal. CIO,
would be evahxated by its ablhty to .

. Rapxdly control algae and especially Hypnomonaa in no«.tuma] apphcanons, e o
» Minimize total TTHMs and ]Haloaeenc acids (HAAs) wh:le hmmng its own byprodncts of
" chlorite and chlorate ’

~»  Back up chlorine as an algaecxde tor use as a suaxegnc oost-effecnve nwmenr

for temporary use at LAR. CIO; generation efficiencies over 95% were measuredand
z discharged through three beaders
wnhm LAR (see Figure ] l) ‘Four Flygt propel]er’mlxers anded distribution throughout

the center of the reservoir (CTR) Samples were collected 3m below the surface and 1.5m aboveﬁ

S AR

the bottom at both locations. The Samplmg. Monitoring, and Contingency Plan (Appe
presents addmonal information and sampling schedules. Lo o

- 001659 ‘ ;k <
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 specific relationships between weekly ﬁeld-chlorophyll data and d:

JUL-31-2000 13:0%

Figure 1 - not 10 scale; view is southerly from LAAFP

ALGAE MONITORING AND CONTROL

~ Planktonic algal growth in LAR is continuously momtored dunng dayhght hours mth a moored

npling station. Site-

y REOS optical data ,
support the daily REOS chlorophyll estimates used to guide chlorination operanons according to
simple biomass and rate of change criteria. REOS provides two chlorophyll estimates based on
independent light attenuation and algal ﬂuorescence measurements. REOS has proven tobea
powerful tool in the early detection and economxcal control of alg,al bloorrs at LAR™.

LAR was isolated from outflow amund 1: 30 PM on Thursdav October 8 aﬁer determ ',‘, ing
nuisance levels of /lypnomonas. Pre- filter chlorination wasma]so turned off that morning at the
Los Angeles Aqueduct Filtration Plant (LAAFP). Figure 2 isa graph of the chlorophyll values
(based on antenuation) starting from Monday, October 5 through Saturday, October 10. The

chlorophyll started at a value of 0.9 ug/L on October 5 and rose to 1.7 ug/L on Octo‘ber 8 before

Remote Electro Optical Sensor (REOS) system located near the CT

treatment commenced. ClO; generation started at 6: 30 PM on October 8 and ended at 3:30 AM

the next morning. An approximate dose of 0.9 mg/L of ClO, was achxeved nased
of LAR which was 2.2 billion gallons at the time. _Following this apphcauon, the ch]orophyll
value dropped to 1.3 pgfL the nex! day (10/9) Trcatmem started again at 7:15 PM that night and
ended at 1:15 AM the next day (10/ 10) for an apphed dose of 0,.’6m‘g/‘L The final chlorophyll
reading was 0.9 pg/L by sundown on October 10. Tlns repr%ents a 47% reducuon in

chlorophyll over the course ofttear.ment [(l 7-0. 9)/1.7=47%]. D 001860

)
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Figure 2 - CHLOROPHYLL
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ANALYTICAL RESULTS,‘ o

JTHM Formation

- The four constituents that make up TTH'Ms are bxomodxchloromethane bromoform, chloroform,
and dibromochloromethane. The Stage | DBP MCL for TTHMSs has becn lowaed 1o 80 ngL
wrththestandardexpectedtogoaslowaswug/[,byg n. -
chloroform MCL goal is 0 pg/L. During the experiment, started at 20.6 pg/l. on
October 8 and ended at 16.8 pg/L on October 10. The results mdxcate that CIO; did not react
with precursors to form TTIIMs in this application. The dechnmg TTHM levels are most likely
due to volatilization, degradation, and from earlier cmsanon of pre-ﬁket ch]ormauon before
ClO; was turned on. TTHMs are shown in Fxgure 3.

| Figure 3-TOTAL TR!HALOMETHANES e
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’ constraints. HAA samplmg will be included in future ClOz : oc'osm‘studxes will also be
: . performed which will compare chlorine and CIO; side by side in a controlled environment.

C ir onxxd

Chilorite and chloratc arc the main by-ptoducts of ClOz Prewous studies conducted at LA APPW
supported the literature that C1O; and chlorite would photodecomposc to chlorate[“ The criteria
set forth by DHS for this study before LAR was to be' put back into service were!!):

¢ CIO; not to exceed 0.8 mg/L;
e Chlorite not to exceed 1.0 mg/L; ‘
¢ Total oxidants (CIO;, chlorite, and chlorate) not to eXceed 1 Omg/L;

LADWP established control of the algal bloom and met all three criteria on the evening of
Saturday October 10. A call was placed to Ms. Vera Melnyk-Vccchlo of DHS who gave
regulatory approva.l of acceptable byproduct levels'), The reservoir was placed in service at
approximately 12:30 AM, October 11. Figure 4 shows the average sum of the total oxidants
(Cl0, chiorite, and chiorate) for all samples collected throughout the study. Table 1 presents the
tabulated results. There was an initial chlorate value of 0.16 mg/L when the smdy began on
October 8. The first sampling run between 10: :00-11:00 PM, (10/8), showed no ClO; residual;
however, the sccond sampling run between 1:00-2:00 AM (10/9) did show a ClO; residual,
chlorite and additional chiorate levels. Additional samples were collected between 1:00-
2:00 PM under clear skies on both October 9 and 10. As expected, ClO; had completely
volatilized with only small traces of chlorite (< 0.1 mg/L) left in the afternoon samples.

Figure 4 - TOTAL OXIDANTS (CIO,, Chiorits, Chlorate)
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BASELINE DATA (OCT §TH

clo2

cm;oan'e

CHLORATE

TOTAL

mg/lL

mgiL

0.00 ‘

0.16

0.18

LOCATION

SAMPLE RUN TIME (OCTOBER OTH, {AM-2AM)|
—*

cio2

“CHLORITE

CHLORATE

TOTAL |

meters

Tower

3.0 from surface

Mt
0.37

010

021

0.68

Tou

1.5 from bottom

0.00

0.1

0.18

0.30

Center

3.0 from surface

0.00

0.05

017

0.22

~ Center

0.21

0.09

0.18

0.49

AVERAGE

01 |

X

0.2

04

SAMPLE RUNT

IME (OCTOBER 9TH, 1PM-2PM)

LOCATION

DEPTH.

CLO2

TOTAL

metors

Tower

3.0 from surface

0.00

0.65

0.68

C—

0.00

0.66

0T

Center

3.0 from surface

0.00

0.45

0.50

Center

1.5 from bottom

0.00

0.39

047

AVERAGE

0.0

0.8

|SAMPLE RUN T

IME (OCTOBER 10TH, 1PM2PM

LOCATION

cLoz

CHLORATE

TOTAL

o

mglL

3‘0fvansufme

0.00

1.07

1.13

0.00

o

1.4

Center

30from surface

0.00

078

B

1.5 from bottom

0.00

0.91

1.02

AVERAGE

0.0

10|

1.0

JUL-31-2000 13:84

COMPAR]SON WITH CHLORINE

213 367 3297

-

- was twnce t.hc rate for the before-and-aﬁcr cblonne‘treatments (0.2 pg/L/day). The estimated
cost of $57,000 for the ClO; study was at Jeast four
algae cpisode during this period. TTHMs were at their lo!
and before the start of chlorine treatment o

expensive as chlorine to handle an
values after the CIO treatment

- 0041663
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FLOW—THROUGH SCENARIO '

LADWP hopes to test CIO; in a reservoir ﬂow—ttn'ough expenmem in order to complete its
evaluation of the algaecide. The flow-through will alter the reservou' s cxrculauon and may
affect the distribution of ClO; within LAR ‘

With the promulgauon of the Stage 1 DBP Rnle on December 6, 1998, LADWP will henceforth
comply with all limits and monitoring requirements that are set in the I-‘edetal Regxster The
regulations concerning ClOz, chlorxte and chlorate are:

ClO,:
- 0.8 mg/L
Daily sampli ing at the entrance to the dxsm'bunon system
Chlorite:
1.0 mg/L
Daily sampling at the entrance to the d:smbunon system
~ Monthly sampling at nearest, mid- and ﬁmhwt consnmer sample

Chiorate: i i S
‘I)Qotrcgulated : - 004664

The current regulations do not specify requirements for chlorate however, LADWP will sample
and monitor for chlorate daily at the entrance to the distributi n‘_system and monthly at the
nearest, mid- and furthest consumer sample locations. TTHMSs a will also be monitored
daily at the entrance to the distribution system while other ituents listed in the original
sampling plan [Appendix A] will be monitored before and aﬁer the apphcatlon. L@WP wxll

JUL-31-2000 13:04 233?327 96




notify sensitive populations if the levels of ClO;, and chlonte are antxc:pated to be above the
limits set forth. h

LADWP will use the Lissamine Green B Spectrophotometnc Mcthod[‘} for CiO, re51dual
analysis. This method is qun:kcr and more accurate than the Amperometric 4500E Method and
has been recommended by experts in the field™*). Chlome and chlorate analysis will be
performed by the IC 300 Method.

LADWP will notify DHS when thns scenano is about w commence and mll forward resuhs and
evaluations. :

- CONCLUSION

ClO;, was an effective algaecide with a chlorophyll declme rate twice that of chlonne in ,
sequential algal episodes treated at LAR. ‘The amount of CIO, generated was less than 5.5 times

that of the chlorine treatments. TTHM ) the study. Approxtmately 67%
of the CIO; applied reduced to chlo total oxidants criteri i is
study which limited the amount of ClO, that could be apphed ona 5' 7
proposed Stage 1 DBP regulations have set limits for ClO, and chlorite but notufor chlorate

The next step is to test CIO; at LAR while the reservoir is in service in order to |
undexstandmg of the effectiveness of ClOz in controllmg algae '
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ABSTRACT =
Mutagenic activity in Salnonella typhinuriun strains TA 100, !

TA 98 and TA 97 has been determined for humic water gnd alum ‘ 4

flocculated humic water, “tre
tants chlorine, ozone, chlorine ‘dioxide, ozone/chlorine and chlo E
rine/chlorine dioxide., EEEE A e

The most pronounced activity was found for chlorine treated

i .
water tested on strain TA 100 uithout: tabo1ic (59 Wl
mix). Ozone treatment prior to chlori U
tivity, while treatment wit , ct Tl @
rine dioxide reduc \W;l. ,»~eul b
background. No muta waters
with ozone or chlorine dioxide alone, o ﬁf’
water extracts studied were non T

‘ S
. 04
INTRODUCTION .. ' SRR 5%2

Municipal drinking water is generally supplied from surface wa-
ter in nearby rivers or lakes. In Finland humic substances conpri-
se by far the major portion of the organic aaterlai present in
surface waters (T0C 10-30 mg/1), uhile the contribution of anthro-
pogenic compounds usually is s-all

‘During water purification, using conventional treatment practi- ,
ces {flocculation, sedimentation and filtration), 70- 80 X of the'““'w
humic material is removed from the | ng organics
are subjected to the oxidizing effect of water_dxswnfectants.“JM_WfW :”

During the last decade there have been several reports on nuta-
genic activity in concentrates of chlorin treated waters (Cheh et “’
al. 1980, Kool et al. 1982, Marouka et al. 19§3) The influence of o

other disinfectants on the lutagenic activity of water has, how:
ever, been studied to a more limited extent, Zoetenan et al R
(1982) have reported an increase of direct acting mutagens in sur-

0048.9697/85/$03.30  © 1985 Elsevier Science Publishen B.V. 001667
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face water after treatment with chlorine dloxide {strains TA"lOOWM
and TA 98). In the same study ozone treatment of raw uater was

found to reduce mutagenic activity in strain TA 98 both with and f““‘ )

without metabolic activation. Increased nutagenlc acttvrty has‘
been reported ln water”’ containing SOl] fulvic ac1d after treat-
ment with ozone in combination with chlorlne (Koubel_et al. 1984).

In the present study nutagenic actlvtty 1n Salmone la typhxmu-w
rium strains TA 100, TA 98 and TA 97 was determtned for hunlc wa-_t
ter (HW) and alum flocculated humic water (FHH). treated with the
alternative disinfectants chlorine, ozone. chlorlne dioxlde. chlo-
rine/chlorine dioxide and ozone/chlorine. The resultrng response '
patterns of humic water and alum flocculated water were compared
in order to test the hypothesis that mutagenlc conpounds are pro-‘“\
duced as a result of reactions between disinfectants and humrc -
substances (Meier et al. 1983, Kronberg et al. 1985).
MATERIALS AND METHODS .

Non- mutagenic natural _humic water (see Table 1) was collected o
from a lake (Savojarvi) situated in a marsh region in the south-
western part of Flnland and treated accordlng to the scheme shown
in Fig. 1.

Alum flocculation was perforned in the laboratory by addlng an
agueous solution of Alz{so4) ‘18 H 0 to humic water (pH 5. 9) while
stirring., After settling the clear water was decanted for further
treatment.

TABLE 1 ,
Total organic carbon contents of vater samples studied
and dlslnfectant dosages applied

TOC - C1,- c10,- /10, /€1
value dosgge dosgge dosgge dgsagez ‘ dgsagg

”‘mlngill (mg/1)  (mg/1) (mg/1)

Huic water 21.0  21.0  10.0  21.0 10.5/10.5 10.0/21.0 |
Alum flocc. o : s
humic water 6.4 6.5 2.9 6.5 3.25/3.25 2.9/6.5
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HUMIC WATER
o

e PH 7 . 0

}—pH 5.9
[Arum flocculation |

Treatment with
Clz. 03. 0./C1

c102, or C ?02 |

60 h

~ O >

_,,,—4¥£thyl acetateJ‘¥~;-
8~\‘\\\ Concentratee of |1 4

~ Q>

HW and FHW

AMES TEST

Fig. 1. Scheme of water treatment.

Prior to disinfection pH of the water sanples was adausted to
7.0 by adding 4 M NaOH and a potassiun phosphate buffer.'

Chlorine- and

chlorine d\oxxde treatnents uere carried out at

room temperature using freshly made stock solutions in distilled

water.

The chlorine solution was prepared by bubbling ‘chlorine gas
(generated by add1ng fuaing HC1 to KHnO “with subsequent cleaning

and drying) into

a solution of 2.3 X NaOH untll 'Y pH of 7-8 was

obtained. The concentration of chlorine in the solution was deter-
mined by the starch-potassium lodvde technique. '

The chlorine dioxide stock solution was prepared'oy”addlng a
solution of HC1 (9 %) to aqueous 7.5% NaClOz. The resulting chlo-

rine dioxide gas
and collected in
tion of chlorine
starch-potassium

Ozonation was

was swept off from the uixing bottle by nitrogen

buffered (pH 7.0) distilled water. The ‘concentra-

dioxide in the solutlon was deternined by the
iodide method.
performed using a laboratory ozonator (Herrman-

Labor Lo-50-1) with a naxinun capacity of 7 g O /h Oxygen was
used as feed gas. The ozone concentration \n the gas ‘stream was
determined both before and after ozonation by the starch potassrun” o

iodide technlque

001669
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. The ratio of TOC to the amount of chlorine or chlorine dioxide
' added to the water was 1:1, resulting in a residual concentration

of 0-0.2 mg/1 after a reaction time of 60 h at room temperature in
the dark. Noack et al;'(1978)'nove‘sﬁéﬁﬁf§h§t treagg§nﬁ of water
containing humic acid with'a”Chlorine/cnlorine_oion{oe,oix;ure,of\
1:1 (w/w) minimizes the combined formation of chloroform and chio-
rite. For this reason the chlorine/chlorine dioxrde treat-ent was o
carried out by adding a nlxture of 1:1 of the two disxnfectants atw,
a ratio of TOC to total disinfectant of 1: 1. The ozone dosage app-'
lied to humic water and alum flocculated humic“water was 10 mg/1
and 2.9 mg/1. respectively. In the conb1ned ozone/chlor1ne treat-
ment, ozonation was performed 2 h prior to ch]orinatlon. He have
noticed in earlier experiments that pre~ozonatton of water contaif
ning humic substances does not significantly influence the chlo-
rine consumption of the water. For this reason the chiorine ‘dosage
applied after ozonation was equa] to that applred uhen using chlo~
rine alone, and consequently, resulting in a residual chlorine
concentration of 0-0.2 mg/1 after 60 h reaction time.

Prior to concentration on XAD 4/8, pH of ‘the water was adjusted;
to 2.1 (4 M HC1). The adsorbed organics were e]uted by ethyl ace-
tate and, prior to assay, the solvent uas replaced by DHSO The

. - concentration procedure used has previously been described in de-

tail (Kronberg et al. 1985). The largest equivalent vo1unes of wa-"
ter extracts tested were 50 ml and 200 ml for humic witer and
flocculated humic water respectively. ~ '
Mutation tests were performed accordwng to the nethod of Ames
(Ames et al. 1975) with minor modifications (von Hright et al. ‘
1978). The Salmonella typhznurium tester strains TA 100, TA 98 and'“’
TA 97 were provided by Dr. B.N. Anes. University of Ca\ifornia
When metabolic activation was used l1ver homogenate (s9mix) was
prepared from the Tivers of male Sprague Dawlej rats induced uitn
Na-phenobarbital and 8- naphtoflavone (Matsushima et al, 1979)
The test results are means of dup11cate piates and each test s ‘ oo .
was repeated at least once. ' B

RESULTS :
Mutagenic activity was found in ch\orvnated water concentrates ‘
when tested on strains TA 100, TA 98 and TA 97 without enzyne ac- o
tivation (see Fig. 2). The h\ghest responces we ' -

TA 100.

004670
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Fig. 2. Mutagenic responce of strains TA 100 (A). TA 98 (B)

and TA 97 (C) (-S9mix) for humic water and alum flocculated
humic water treated with 1. ozone, 2. chlorine dioxide,

3. chlorine/chlorine dioxide, 4. chlorine, 5. ozone/chlorine.
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‘BASED DISINFECTANTS USED IN DRINKING WATER TREATMENT
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~ SUMMARY

= Under conditions simulating the gastrointestinal tract chlorine dioxide (C10;). HOCI, and NH,Cl
_caused covalent organification of iodide to nutrient biochemicals. The extent of binding seemed 1o be
‘proportional to the electromotive force (EMF) and stoichiometry of the redox couple between iodide and
ke oxidant. Almost half of 71 nutrients examined were found to bind reactive iodine. lodide was found:
to Inhibit the quinoidal chromogen formation from: tyrosine and Clo,, demonstrating the preferential
: generation of reactive jodine in complex organic mixtures. These findings indicate that ingestion of
“residual disinfectants via drinkmg water may pose & health risk in terms of in vivo generation of fodinated
‘organics. Structure, formation, and biological activity of these compounds ate under study.

“INTRODUCTION

- Ongoing in vivo toxicology studies with ClO; in this laboratory provided evidence
“that disinfectants cause covalent immobilization of iodide in the gastrointestinal
_tract of rats [1}. CIO; administered via drinking water was also demonstrated to in-
~hibit thyroxine synthesis in monkeys [2], raising suspicion that this effect may be
_caused by some thyroid inhibitory substance formed in the alimentary tract. This
_possibility necessitated the study of the redox interaction between iodide and nutri-
‘tional biochemicals and complex nutrients in the presence of disinfectants.

229300




a  BEST AVAILABLE COPY
TABLE 1
ALS AND METHODS ' :
MATER! ; ‘ EFFECT OF DRINKING WATER DISINFECTANTS ON THE IN VITRO ORGANIFICATI
Nutritional biochemicals and some complex nutrients were purchased from the k'ODV'DE WITH RUTRITIONAL ORGANICS
Sigma Chemical Company (St. Louis, MO), and other complex nutrients were taken Nutrient Substance % 1° bound in the presence of Solvent_for su
from biological samples. Carrier-free 125; ac Nal was purchased from the I’Qew 0, P P
England Nuclear Company (Boston, MA). Saliva and gastric juice were obtained Simple nutrients
from Rhesus monkeys under mild anesthesia by intubation. Gastric juice ﬂ_o“’ was ~ Tyrosine s1.10 242 1.60 pHY-NaOH
induced by a single i.v. injection of pentagastrin at 5 ug/kg dose. Preparation and s 4-Aminobenzoic acid (PABA) 12.84 0.23 1.06 H,0
assay of disinfectants in double-distilled deionized water was referenced elsewhere :-Sil!ostlero;‘ . :t,.:l 008 0.06 . CH,OH-ethes
12). Prefilled 0.8 cm x 4 cm AGI-X8(CI ™) anion exchange columns were purchased 3 A"‘:: ;‘i:::k :éid o 2‘2: - - C::;g:‘aou
from the Bio-Rad Company (Richmond, CA). This resin quantitatively traps in- Folic acid 5.09 172 :m-Naon
organic iodide and allows total recovery of covalently bound jodine by elution with 5 Pyridoxal 424 0.05 H.0
8N acetic acid. . Thioctic acid S2.73 1.47. pH9-NaOH
; ; : s Cholesterof, water-soluble 2.3 0.19 H0
J i L Cholecalciferol R} 0.58 -CH,OH
lodination procedure e e L ‘Retinoic acid 1.87 pH9-
Tyrosine was used as a reference test compound to establish optimal reactant . ,;B:o:'l‘: e el }(').:o :::: :::::8::
ratios. Depending on their solubilities, the substrates were dissolved in solven.ts. as  Pyridoxamine on 0.08 f?n,o;
" listed in Table 1. To 1 mi of 0.02 N HCl was added 0.1 mlof 0.1 M Ki, containing - Vitamin K, 1069 0.14 LC;H.OH
-9 x.10° cpm "®1-, and 0.3 ml of 600 ppm disinfectant in a capped conical Histidine 042 0.8
polyityrene centrifuge tube. To this mixture was added either 2mlof O:OI M simple 1 ;‘5 Z;;‘:::"?‘ ;'-iig'g 3'::’;
" nutrient molecule solution, 2 mi of 10 mg/mi complex nutrient ’solunon, or 100u}  Cytidine -0. Jo0e
of saliva or gastric juice. After mixing, the reaction was allowed to proceed at room  Cholic acid, Na salt 003
‘temperature for 10 min and was stopped by the addition of 0.2 mt of 0.1 M . Tryptophan 035
 N2;S;0s. Distilled water instead of HCI was used in NH,Cl reactions. The final ; - Glutamic acid 0.26
reaction mixture was transferred to an anion exchange column and d‘f“’d ‘Y“h 4-8 - 5 Complex mutrients
% | mi aliquots of 8 N CHyCOOH. The amount of eluent required varied W!‘h ;agh " Gastic fuice (monkey) 0.6 5 : P
individual substance tested. Specific activity of each .ehfalc.was dctermined by g ; 2.6 028 033
counting using the Packard Tricarb Auto-Gamma Scintillation spectromc.tcr'a! a1 . Saliva (monkey) -30.20° - -
939 efficiency. Extent of organification was calculated as percentage of jodide blyoryethtene (200 : 200 0.07 530
33 « : T © Polyoxyethylene (20)-
gluted from the columns. N -~ sorbitan ofeate (Tween-80) 126,40 112 029
‘ s " Globulin (bovine) 12.56 0.20 8.86
P i hromogen QD ““ Hemoglobin (human) 436 0.48
 Speciral determination of quinoidal ¢ ] S o , 8 n - : ~an
p;olulions of 2.2 mM CIO;, 1.0 mM tyrosine and 0.1 M K1 were prepared in dis- 8 ] - Meat extract (peptone) 1.46 1.23 5.60 HO
tilled water. The first two solutions were mixed in a 1:1 ratio in an erlenmeyer flask - [op) ! ~ RNA (call thymus) 320 0.09° 164 PH9-NaO!
. d to develop for 15 min. The resultant. ; - Corn oil (mazols) ~3.00 0.42 6.12 1% Tween
(total volume of 3 ml). The color was allowed to develop btained using -} DNA (calf thymus) 2.40 1.37 130 pH9-N3O!
. . . retd isi was obtained using , o : ) : " K
solution was diluted 1:1 with distilled water. A UV/visible scan wa (o B-Lactoglobulin (bovine mitk) 0.48 0.00 0.57 ¢ H0

) cm quantz cuvettes in a Perkin-Elmer 552 double-beam spectrophotometer. The ' e e

. : *Hydrochloric acid was not used in the mixture
: rst to the tyrosine .
procedure was repeated by adding 0.1 m! of the KI solution first y ! *1.0 ml of undiluted secretion was used.

followed by the addition of the ClO: solution. A dilution of 3:1 with distilled water  Performmed on 0.1 ml fuokd ilond 16 2 ol
wae made. and 2 scan was obtained. :
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TABLE It

NUTRlENTS WHICH ORGANIFY 1ODIDE WITH LESS THAN 0.1% EFFICIENCY IN THE

PRESENCE OF CIO; -

i i i ases Sugars
"'!""0 e :;:Tc:'f‘:clou ’ Nocleoride 'b and organic acids
I'hc‘;iu;:ine Menadione Adenosine o -Lactose
Alanine Riboflavin Guanosine Mall.ose
Arginine Thiamine 2,3 -Guanosine-3°-POq D-Ribose
‘Asparsgine Pantothenic acid 2'.3'-U1idine-5’0l’04 Di+ )Man.nose.
Cysteine Nicotinamide 2',3'-Adenosine-$’-POa Dt + )Malic acid
‘Glycine NADP 2° 3" Cytidine-5'-PO, Corn Starch
lt(;'endm ‘Tocopherol 2'-Deoxyadenosine
;Leudné 2 -Deoxygusnosine-3* -(POs)»
‘Lysine :2°-Deoxyadenosine-5° -(POs)s
“Methionine ‘
Proline
‘Serine
Valine
* Aspartic acid
_ Threonine
. Glutamine .

N |

A,2,2,4,

bsorbance of the quinoidal chromogen at Ay = 496 n
ing of the unreacted tyrosine at A = 298 nm. (M) lodi

0.2 mM) and ClO; (0.53 mM) in lhc absence of 1°
) The spectrum of irout m and the r-‘v‘ 1ransitions! band of the aromatic

de (0.833 mM) added 10 1yrosine (0.125 mM) before
ddition of C10; (0.27% mM). The spectrum is characterired by the iodine absorption at s = J48 nm and
ter ot werencted tvrosine and iodinated tyrosines. (1) The U.V. spectrum of 3.5 diiodotyrosine,

¥2.9T00

‘1. Inhibition of quinoidal chromogen formation from tyrosine and ClO; by jodide.

, characierized by the

TABLE 11

ELECTRODE POTENTIALS®, EQUILIBRIUM CONSTANTS AND ELECTROMOTIVE FOR(
FOR REDOX COUPLES BETWEEN lODlDE AND DRINKING \\'ATER DlSlNFECTANTS

.Redox couple

(V) logK.," EMF(VY-

: S
‘Products Hahde Products Disinlec!am
2.8 1 51"~ 5¢~ Ci° 42H,0 ClO; 4 Se” +4H -094 19.1 -1.O07
' { ) 2°-2¢ CI" +H,0 HOCt42e 4 H* -0.95. 323 -1.01
L SMT-2e" 0 CIT 40OH- GCl" +2¢” + H,0 -0.36. 12,3 -0.42
: I 21°-2¢" CI” +NH;+ OH‘ ) HH;CI# 2¢” 4 H,O —0.2l 32 07
“*Standard electrode polenliah used:
‘h 42e=21" E.=0.354V
OC1” +H O+ 2e~ClI™ + H;O E.=0.90V
ClOs+ Se+ 4H* ~Cl” +2H,0 Eo=1.48V
‘HOCI+H* +2e~Ci” 4+ Hy"' Eo=1.49V
‘NHCl+2¢ 4+ H;0~Cl~ + NH; 4+ OH " E.=0.15V
PKea= '—:'-'ly computed from Nernst equation.

‘*Computed using [0x)=1x10"* M, {1 " Yyeuntc juice® 11074 M
“and EMF = [Exay + (0.0595/n % log [0x] {-{Eemeas + (0.0391/n) x fog |Rcd]|

f;Radialion safely

All procedures using radio isolopes were conducted ‘according to the radia’

safety manual of the U.S. Environmental Protection Agency, A.W. Breidenb
~ ‘Research Center, Cincinnati, OH. |

© RESULTS

The iodination efficiency of nutrients in the presence of the three disinfectan

V?;‘fyhstcd in Table 1, and those failing to react are listed in Table II. Fig. 1 shows

combined spectra of the quinoidal tyrosine chromogen and its absence when io:

s present in the reaction mixture, and lhe spcctral scans of 3,5-diiodotyrosine
3-iodotyrosine are also shown.

DISCUSSION

EMF and equilibrium constants (K.q) were computed using the Nernst equa

“for redox couples between disinfectants and | = which are most likely to exist it
- gastric space following ingestion of disinfectants (Table 111). These values are b
_on activity coefficients valid only for pure aqueous solutions; thus, they ca
“taken only as approximations of redox activities in a complex organic matrix

Calym AletenCantment Menlida mmiseton shoa £ 10" e d slon VA0 o nlen abmnd meas b
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the others in terms of chemical potential. Thus, it is likely that the dominant reac-

tion of ClO;2 (and possibly of the other disinfectants also) in the co.mplex

biochemical environment of the gastrointestinal tract is the oxidation of 1~ to a
reactive jodine species (rl):

aqueous medium

-

1- ¢ disinfectant ——— ————

: r1 + reduced disinfectant
pH dependent

Subsequent chemical reactions of rl may follow a variety of pathways (3]:

(a) 11 + olefins, fats T T - jodine addition across double
: bonds
()yrt + PUFA T = jodo-lactone ring formation
, ‘and addition
(c)rl + oleﬁns S TTTTTT —* jodohydrin formation
(d) 1 + electron-rich o
aromatic or heterocyclic ringg — "~ ~ iodine substitution
‘activated CH; group, ~—~ 7~ = jodine substitution

(e) rl + activated CH, group,
e.g. ketones

An excellent example of the dominance of 1~ oxidation in complex organic .mix-
;,Q.ture>sAocc,urs in the radioiodination of antibodies and antigens. In these r?utlnely
' ‘performed reactions, a ;réla(ively‘ strong oxidizing species such aschloramutﬁ'l‘ ?r .
' H,0; reacts with [~ without destroying the sensitive tertiary structure manifest in
_hapten specificity and/or antigenecity of the protein, e.g.

. v-globulin + 17 + R;N-CI Ec_;u_eguiguifg globulin jodinated on tyrosine

residues

““In fact, to provide proof of the preferential oxidation of iodide by ClOz, we
emonstrated by spectroscopic means (Fig. 1) that the purple chromogen (11) form-

ed by the oxidation of tyrosine (1) by ClO;, a moiety. I’requcmh.r used for the spectral

quantitation of ClO; (4) cannot be seen when 1~ is present in excess.

w

HO - ~CH;-CH-COOH + ClO; — O=C>=CH—CH—COOH
|

|
NH, 11 (X,....=4§J'ﬁm)

A
A}

ead, mono and diiodotyrosines are generated. . .
st of the compounds and complex biological substances listed in Table 1

. . s . . hich
its. such as tyrosine within the globulin chain, w
Rsess structures of subunits, : y @ .t Tl alaaely arsater officien-

cy of ClO; to induce iodination is in agreement with the relative magnitude of
redox parameters. Exceptions are notable for HOCI, which in spite of its hig
~ calculated EMF than that of NH;Cl, is a less effective iodinating agent for so
‘substrates. This is plausibly due to the competitive tendency of HOCI to chlorin
‘organics rather than to oxidize 1~, a process not possible with NH,Cl.
A large portion of nutrients which failed to bind iodide ‘belong to molect
.classes without functional groups capable of iodination, e.g., aliphatic amino ac
fsatura(ed fatty acids, etc., or those which reduce 1l to 1, such as cysteine :
‘vitamin E (Table 11). . '
- Although the literature is largely devoid of information regarding iodins
derivatives of the substances listed in Table 1, a few hints are available to som:
_the structures. Previously it has:been shown that iodination of arachidonic aci
‘the presence of lactoperoxidase/H;0; resulted in the formation of an iodo-5-lact
_and several iodinated isomers of eicosatetraenoic acid [S]. Initial chromatogra;
_attempts on our part indicated that reaction mixtures containing 4-aminoben
‘acid and folic acid contained the known mono and diiodo isomers
“4-aminobenzoic acid. 4 , ,
Presently we postulate that some of these jodinated molecules may |
‘ thyromimetic or thyroid inhibitory properties. Furthermore, such compounds
_be also cytotoxic or have genotoxic/carcinogenic potential. Currently work i A
iiprogrc,ss to identify the structures, in vivo formation, distribution, metabolic |
.and biological activity of these compounds. : ,
The research described in this article has been reviewed by the Health Ef:
. Research Laboratory, United States Environmental Protection Agency and
- proved for publication. Approval does not signify that the contents necess .
eflect the views and policies of the Agency nor does mention of trade nam: =
ommercial products constitute endorsement or recommendation for use. ‘
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40 CFR Parts 9, 141, and 142
[WH-FRL-8199-8]
RIN 2040-AB82

Regulations: Disinfectant
Disinfection Byproducts

AGENCY: Environmental Protection
Agency (EPA).

ACTION: Final rule.

SUMMARY: In this document, EPA is
finalizing maximum residual
disinfectant level goals (MRDLGs) for
chlorine, chloramines, and chlorine

dioxide; maximum contaminant level

,,,,,,, o

goals (MCLGs) for four trihalomethanes
(chloroform, bromodichloromethane,
dibromochloromethane, and
bromoform), two haloacetic acids
(dichloroacetic acid and trichloroacetic
acid), bromate, and chlorite; and
National Primary Drinking Water
Regulations (NPDWRs) for three
disinfectants (chlorine, chloramines,
and chlorine dioxide), two groups of
organic disinfection byproducts (total
trihalomethanes (TTHMs)—a sum of the

(HAAS5)—a sum of the two listed above
plus monochloroacetic acid and mono-
and dibromoacetic acids), and two -
inorganic disinfection byproducts
(chlorite and bromate). The NFDWRs
consist of maximum residual
disinfectant levels (MRDLs) or
maximum contaminant levels (MCLs) or
treatinent techniques for these
disinfectants and their byproducts. The.
NPDWRs also include monitoring,
reporting, and public notification

requirements for these compounds. This

four listed above, and haloacetic acids _ eff

des the best availa
technologies (BATs) upon which the

'MRDLs and MCLs are based. The set of

Qe

401 M Street, SW.. Washington, DC
20460 from 9 am. to 4 p.m., Eastern

at' EPAS Drinkgng w;arnr D

regulations promulgated today is also

“~know as the Stage | Disinfecion
Byproducts Rule (DBPR). EPA believes

the implementation of the Stage 1| DBPR

will reduce the levels of disinfectants

and disinfection byproducts in drinking
water supplies. The Agency believes the
rule will provide public health =~
protéction for an additional 20 million
households that were not previocusly
covered by drinking water rules for

= disinfection byproducts. In addition, the

rule will for the first time provide
public health protection from exposure
to haloacetic acids. chiorite (a major
chlorine dioxide byproduct) and
bromate (a major ozone byproduict).

" The Stage 1 DBPR applies to public
" water systems that are community water

systems (CWSs) and nontransient
noncommunity water systemis
(NTNCWs) that treat their water witha

.. SUPPLEMENTARY INF

Standard Time, Monday through Friday,

excluding legal holidays. For access to

~docket materials, please call 202/260-
3027 1o schedule an appointment and
obtain the room number.

FOR FURTHER INFORMATION CONFAGT: For "

- general information contact, the Safe

Drinking Water Hotline, Telephone
(800) 426-4791. The Safe Drinking
Water Hotline is open Monday through
Friday, excluding Federal holidays,
from 9:00 am to 5:30 pm Eastern Time.
For technical inquiries, contact Tom
Grubbs, Office of Ground Water and
Drinking Water (MC 4607), U.S.
Environmental Protection Agency, 401
M Street SW, Washington, DC 20460;
telephone (202) 260-7270. For Regional
COMtacts see SUPPLEMENTARY
INFORMATION. — =

chemical disinfectant for either primary

or residual treatment. In addition,
certain requirements for Chlorine )

~ dioxide apply to transient

noncommunity water systems
(TNCWSs). o
EFFECTIVE DATE: This regulationis
ve February 16, 1999. Compliance

are discussed in the Supplementary

. Information Section. The incorporation

by reference of certain publications

*listed in today's rule is approved by the

Director of the Federal Register as of
February 16, 1999.

' ADDRESSES: Public conuﬁents.: the

co

ent/response document,

 applicable Federal Register documents,

other major supporting documents, and
a copy of the index to the public docket
for this rulemaking are available for

Category f »

INJUSY ................. | Community and nontransient noncommunity water systems th

or specific components of the rule

eir water with a chemical

regulation is effective 60 days after
publication of Federal Register
~ document for purposes of the

.. Administrative Procedures Act and the

Congressional Review Act. Compliance
dates for specific components of the rule

_are discussed below. Solely for judicial

review purposes. this final rule’lis

~ promulgated as of 1 p.m. Eastern Time
“December 30, 1998, as provided in 40
CFR237. L
. Regulated entities. Entities regulated
by the Stage 1 DBPR are community and
nontransient noncommunity water
systems that add a disinfectant during
any part of the treatment process ‘
including a residual disinfectant. In
addition, certain provisions apply to
transient noncommunity systems that
use chlorine dioxide. Regulated.
categories and entities include:

disinfectant for either pri-

. I mary of residual treatment. In addition, certain requirements for chlorine dioxide appiy to transient noncommunity water ;

0016'?'?

' systems. ~

State, Local, Tribal, , Same as above.
or Federal Gov- |
emments. '

This table is not intended to be
exhaustive, but rather provides a guide
for readers regarding entities likely to be
regulated by this action. This table lists
the types of entities that EPA is now
aware could potentially be regulated by
this action. Other types of entities not

sted in this table could also be

regulated. To determine whether your

facility is regulated by this action. you
should carefully examine the

particular entity. contact one of the

applicability criteria in § 141.130 of this_

rule. If you have questions régérdjng the

applicability of this actiontoa

persons listed in the
FURTHER INFORMATION CONTACT sé
or the Regional contacts below:

Regional Contacts

1. Kevin Reilly. Water Supply Section,
JFK Federal Bldg., Room 203, Boston,
MA 02203, (617)565-3616

II. Michael Lowy. Water Supply Section.

+ 290 Broadway 24th Floor, New York,
NY 10007-1866. (212) 637-3830

111 Jason Gambatese, Drinking Water
Section (3WM41). 1650 Arch Sueet. .\
Philadelphia, PA19103-2029, (215) .
814-5759
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0.08 mg/L for chlorite. The proposed
MCLG was based on an RfD of 3 mg/kg/
d estimated from a lowest-observed-
adverse-effect-level (LOAEL) for
neurodevelopmental effects identified
in a rat study by Mobley et al. (1990).
This determination was based on a
weight of evidence evaluation of all the
available data at that time (EPA, 1994d).
An uncertainty factor of 1000 was used
to account for inter-and intra-species
differences in response to toxicity (a
factor of 100) and to account for use of
a LOAEL (a factor of 10).

The 1994 proposal included an
MRDLG of 0.3 mg/L for chlorine
dioxide. The proposed MRDLG was
based on a RfD of 3 mg/kg/d estimated
from a no-observed-adverse-effect-level
(NOAEL) for developmental
neurotoxicity identified from a rat study
(Orme et al., 1985 EPA. 1994d). This
determination was based on a weight of
evidence evaluation of all available * -
health data at that time (EPA, 1994a).
An uncertainty factor of 300 was
applied that was composed of a factor
of 100 to account for inter-and intra-
species differences in response to
toxicity and a factor of 3 for lack of a

‘two-generation reproductive study

necessary to evaluate potential toxicity
associated with lifetime exposure. To

fill this important data gap. the CMA

sponsored a two-generation
reproductive study in rats (CMA, 1996).
As described in'more detail in the
1998 NODA (EPA, 1998a), EPA
reviewed the CMA study and completed
an external peer review of the study
(EPA, 1997d). In addition, EPA
reassessed the noncancer health risk for

“chlorite and chlorine dioxide

considering the new CMA study (EPA,
1998d). This reassessment was also peer
reviewed (EPA. 1998d). Based on this

reassessment, EPA requested comment

‘in'the 1998 NODA (EPA, 1998a) on

changing the proposed MCLG for
chlorite from 0.08 mg/L to 0.8 mg/L
based on the NOAEL identified from the

appropriate. EPA has concluded that the

RID for chlorine dioxide should be 0. 03
mg/L (NOAEL of 3 mg/kg/d with an
uncertainty factor of 100) and that a

' MRDLG of 0.8 mg/L is appropriate.

= ¢. Summary of Comments. EPA
received numerous comments on the

1994 proposal (EPA. 1994a) and 1998
NODA (EPA. 1998a). The maJor '
comment from the 1994’ proposal was
that reliance on the Mobley et al. (1990)

study for the MCLG for chiorite and the

Orme et al. (1985) study for chiorine

" dioxide were inappropriate and that the

results from the CMA study must be
evaluated before any conclusions on the
MCLG for chlorite or chlorine dioxide _
could be drawn. In relation to the 1998
NODA., several commemers  supported

_ changing the MCLG for chlorite and
MRDLG for chlorine dioxide while ~
others were concerned that the science
did not warrant a change in these

- values. The major comments submitted
against raising the MCLG and MRDLG
focused on several issues. First, one
commenter argued that the 1000-fold
uncertainty factor used for chlorite in
the proposal should remain in place
because the CMA study used to reduce
the uncertainty factor was flawed.
Second. several commenters indicated
that the LOAEL should be set at the =
lowest dose Tevel (35 ppm) because
certain effects at the lowest dose tested
may have been missed. Finally, some

._.commenters argued that an additional
safety factor should be included to -
protect children and drinking water
consumption relative to the body weight
of children should be used instead of
the default assumption of 2 L per day
and 70 kg adult body weight.

EPA agrees with commenters onthe
1994 proposal that the results from the
CMA should be factored into any final
decision on the MCLG for chlorite and
chiorine dioxide. As explained in'more '

"detail in the 19 P NODA (EPA,

1998a), EPA considered the findings =
“of chxldren should be used in

from the CMA study along with other

new CMA study which reinforced the
concern for neurodevelopmental effects
associated with short-term exposures.

¥ EPA determined that the NOAEL for

_ chlorite should be 35 ppm (3 mg/kg/d

chlorite ion. rounded) based on a ;
weight-of-evidence approach. The data
considered to support the NOAEL are
summarized in EPA (1998d) and o
included the CMA study as well as
previous reports on developmental
neurotoxicity and other adverse health
effects (EPA, 1998d). EPA continues to
believe, as stated in the 1998 NODA

"available data to'reach its conclusions

regarding the MCLG and MRDLG for M

‘chlorite and chlor
EPA disagrees with the commer
who suggested that the 1000-fold
_uncertainty factor for chlorite should
remain because the CMA study was
flawed. The study design for the

neurodevelopmental component of the  tv

CMA study was in accordance with

_EPA’s testing guidelines at the time the
_study was initiated. EPA had previously ’

“'réviewed the study protocol for the

CMA neurotoxicity component and had

{EPA. 1998a). that the RID for chlorite
should be 0.03 mg/kg/d (NOAEL 6f 3
mg/kg/d with an uncertainty factor of
100) and thai a MCLG of 0.8 mg/L is

_approved the approach. While EPA

ially had some questions regarding

_the design of the neurodevelopmental
" component of the study (Moser 1997)

001678

‘subsequent mformauon submmed by

_the CMA provided clarification on

:aspects of the study design
(CMA, 1998). EPA agrees that even with
the clarifications that there are some
limitations with the

_.neurodevelopmental ¢ component ofthe
....CMA study. EPA believes that the o

neuropathology components of the CMA
study were adequate. The functional

_operation battery had some
..shortcomings in that forelimb and

hindlimb grip strength and foot splay
were not evaluated. EPA beljeves the

- results from the motor activity

component of the CMA study were

... difficult to interpret ‘because of the high

variability in controls. However, in its
evaluation of the MCLG for chlorite and
chlorine dioxide, EPA did not rely
solely on the CMA study. but used a
weight-of-evidenice approach that
included consideration of several
studies. Thus, the shortcomings of one
study are offset by the weight from other
studies. EPA believes that the CMA
study contributes to the weight-of the-
evidence. The studies by Orme et al.
(1985), Mobley et al. (1990), and CMA
(1996) support a NOAEL of 3 mg/kg/d
based on neurodevelopmental effects
(e.g.. decreased exploratory, locomotor

« _behavior, decreased brain weight).

Furthermore, the CMA study was
reviewed by outside scientists as well as
by EPA scientists. EPA's re-assessment
for chlorite and chiorine dioxide
presented in the 1998 March NODA was
reviewed internally and externally in
accordance with EPA peer-review
policy. The three outside experts who
reviewed the Agency'’s assessment
agreed with the NOAEL of 3 mg/kg/day
and the derived RD.

Finally, EPA disagrees that an
additional safety factor should be

" ‘applied to provide additional protection

for children or that drinking water
constmption relative to the body weight

ioxide are considered to be
of susceptible groups.

including children. given that the RfD is

based on a NOAEL derived from
developmental testing, which includes a
jeneration reproductive study. A
)-genieration reproductive study
evaluates the effects of chemicals on the
entire developmental and reproductive
life of the organism. Additionally.
current methods for developing RfDs are
signed to be protective for sensitive
populations In the case of chlorite and
chlorine dioxide a factor of 10 was used
to account for variability between the
average human r&sponse and ¢
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For Products that were subject to tha standard the followzng are
requ;red° (Note: Data Call-In not requ;red).

Wi h n 90 'o Receipt o

- Submlt a letter certlfylng that your product meets the
criteria of the 1986 Standard.uu . B
Within 8 Months of Receipt of this RED

- Submit a completed Appllcatlon for Rereglstratlon (EPA
Form 8570~ 1).

- Submit five copies of the label and labellng revzsed as
spec;fled by the RED and in accordance w;th current ‘
requirements.

- Submit two completed copies of the Confidential
Statement of Formula (EPA Form 8570-4) ' '

- Submit a completed Certlflcatlon With Respect to
Citation of Data (EPA Form’ 8570-31)

For Products that were not subject to ‘the standard the followzng
are requxred'

Within 90 Davs of _Recej t 0] h’s R 2D JWHM¥

- Sign and submit both data call -in response forms
attached to the DCI (Attachment B and C of the data
call~in).

- Submlt a completed App11catlon for Rereglstratlon (EPA
Form 8576-1).

- Submit five copies of the label and labeling revised as
spec1f1ed by the RED and in accordance with current

requ irements.

- Submit two completed copies of the Confldentlal
‘ Statement of Formula (EPA Form 8570-4).

‘= Submit a completed Certlflcatlon Wlth Respect to
Citation of Data (EPA Form 8570-31)

- Shbmlt the required data or references to data as ~
specified by the RED/DCI. - ‘ @01681

4




J’itb Sur‘."

" UNITED STATES ENVIRONMENTAL PROTECTIC
WASHINGTON, D.C. 20480

Agenc!

1%5?b

"4‘ ‘.oﬂ,("
: ' |%9€2§§£;T‘
T o | oxic
I FEB 27 1002 SUBSTANGES
CERTIFIED MAIL o ' R

Dear Registrant:

Enclosed is a Rorogiatration xliqihility Document (RED) for
the pestlczde active 1ngred1ents sodium and calcium hypochlorite.
The RED is the Environmental Protection Agency's ‘evaluation of
the sodium and calcium hypochlorite data base and presents the
Agency s conc1u51ons on which uses are ellgzble for

Also
enclosed is the Pesticide Re,oqistration Handbook which prov1des
1nstruct1ons to. reglstrants on how to respond to any labellng and
data requlrements specified in the RED and how to rereglster
products. -

The RED identifies outstanding product Spélelc data
requirements for end-use products and manufac! rlng-use products.
These requlrements are llsted on the R

Response Fo Im listing all of your company's products subject to

~ the RED, is included as an Attachment.,ﬂ« 1onsyfor

All

The RED 1dent1f1es any spec1f1c labeling requirements such
as restricted use classxf;catlon, groundwater hazard ‘statements, -
endangered species precaut;ons, etc., necessary for
reregistration based on a review of the generic data for the
active ingredient. In addztzon, in order to be reregistered, all
product labeling must be in complxance with format and content
labeling as described in 40 CFR 156.10 and all kabelxng changes
imposed by Pestlclde Reglstratlon (PR) Notlces.

,601682

The Pesticide Rereqzstratlon Handbook contains det a
instructions for compliance with the RED ‘and must be follow .

carefully. There are several key points to remember
your response to ‘the RED.‘ B o .

I
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Within 90 Days of Receipt o’;"’g"h;g Lgtte;' ;

1. For each product whlch e gg the crlterla of the 1986
Registration Standard (i.e., contain only 5.25% to 12.5% sodium
hypochlorite or 65% to 70% calcium hypochlorlte as the sole
active ingredient and only contains inerts within the limits
specified in the Standard), you need only submit a letter
certifying that your product meets theae criteria.

2. For each product whzch does ngt meet the criteria of
the 1986 Registration Standard (i.e., products for which the
percent active 1ngred1ent or 1nerts fall outside the ranges
specified in the 1986 Registration Standard, products with inerts
added other than water and“products contalnlng additional active =
: 1ngred1ents), you must complete “s;gn and submit both data call-
in response forms attached to the RED (Attachment B and C). S

3. EPA has created "batches" of products which are similar
with respect to acute toxzoity (Attachment D). If your product h
is listed in a "batch," you have the optlon of part1c1pat1ng in
the batch. 1If you wish to part1c1pate in a batch, you should
consult with other registrants in the batch and agree on who will
provide the data. Carefully follow the 1nstruct1ons in
Attachment C to assure that one reglstrant is commlttlng to
provide the data while the others offer to share in the cost of
those data. Of course, if you do not want to jOln the batch you
must commlt to provide the data on your own.

4. No time extensions will be granted for subm;ttzng one
of the two responses above. If EPA does not receive a response
for a product, it may 1ssue a Notice of Intent to Suspend.

5. Any requests for data vazvers or time extensions to the
8-month deadline must be submitted as part of your 9o-day
response. Such requests will not be cons;dered in the 8-month

' response.

. 001683

Application for Rerog:stratzon (EPA Form 8570- 1), five oop;os of
“the label and labeling revised as specified by the RED and in
accordance with current requ1rements, two completed oopxes of
the Confidential Sta _of Formula (EPA Form 8570-4), ,
completed CQrtzfioa‘;ow wth Rospoot to c;tatxon of Data (EPA
Form 8570~31) and data or re , ata (thls is needed only
for products which do not. meet the cr1ter1a of the 1986 Standard-

-see item 3 below). ; | —




2. For products which meet the crlterla of the 1986 ,
Standard, you will not submit or cite any data.d Rather, EPA will
review your CSF and determine whether or not it agrees with the
certlflcatlon you submltted after 90 days.

3. For products whlch do not meet the crlterla of the 1986
Standard you must submit or cite the required data as part of the
Application for Rereglstratzon For most produ , you will
probably be c1t1ng data which has already been itted to EPA.
In these casés, you must submit a list of the studies and the
correSpondlng EPA identifier numbers._ Before cltzng these ;
studies, you must be sure that these data moet t
acceptance criteria (Attachment E). If you subm _the
first time, be sure to follow P.R. Notice 86-5. Failure to
adequately comply with the data requlrements specified in the "RED
may result in the issuance of a Notice of Intent to Suspend a ‘
product.

4. When submlttlng labeling and a CSF for each product
you must comply with P.R. Notice 91-2 (Appendlx D). That notice
requires that the amount of active ingredients declared in the
ingredient statement must be stated as the nominal concentration
rather than the loweryc tlfled limit. You have two options for
submlttlng a CSF. (1) accept the st ;ard certlfled limits (see
40 CFR 158.175) or (2) provzde certi 1 m;ts that are
supported by the analysis of five ba If you pick the
second option, you must submit or cite the data for the five
batches along with a certlflcatlon statement as described in 40
CFR 158.175(e).

When submlttlng your 9o-day and 8~month responses for a
product, address them to the Product Manager ‘who is named below.
Be sure to use the correct address and distributic
page 6 of the Product Rereglstratlon Handbook enclosed

Questions on product—spec1f1c data requlrements and labellng
(both End-Use Products and Manufactur;ng~Use Products) should be
directed to the Reglstratlon Division Product Manager Team for
sodium and calcium hypochlorlte, Ruth Douglas at (703) 305-7964.
Questions on the generic database should be directed to Karen
Samek, the Review Manager in the Specxal Rev1ew and
Rereglstratlon DlVlSlon at (703} 308—8051. -

The Agency is prepared to meet w1th any reglstrants who have
guestions about respondlng to the sodlwm and ca1c1um hypochlor1te
RED. If you want to meet with the Age: you must contact Ms.
Douglas within two weeks of your receipt of the ‘RED. The Agg




4

intends to have one combined meeting with interested registrants.
If there are any requests for such a meeting, the Agency will
notify all registrants who requested a meeting of the location
and date. Requests for a meeting will not extend the 90 day or

8 month response deadlines.

Sincerely,

Deniel M. Barolo, Director . . .
Special Review and Reregistration Division
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ADI

ARC
CAS
CSF
EEC

EP
EPA
FIFRA
'FFDCA
HDT
K+CWHR
LCSO

LDS0

LDT
LEL
MP

MPI

GLOSSARYWOF“TERMS'RNDeKEBREViATIbNS'“'“°“ o

Acceptable Daily Intake. Also known as theyReference
Dose or RfD. '

Active Ingredient

Anticipated Residue Contribution

Chemlcal Abstracts Serv1ce

chfldentlal Statement of Formula

~ Estimated Env1ronmenta1 Concentratlon.' The estlmated'

pesticide concentratlon in an environment, such as.a
terrestrial ecosystem.

End-Use Product v »
U.S. Environmental Protecticn Agency
Federal Insecticide, Funqicide, and Rodenticide Act

Federal Food, Drug, and‘dosneticfgct

Kernel plus Cob with Husk Removed

Median lethal concentration - a statistically derived
concentration of a substance that can be expected to
cause death in 50% of test anlmals. It is usually
expressed as the welght of substance per weight or volume
of water or feed, e. g., mg/l or ppm.

Median lethal dose - a statlstlcally derlved 51ngle dose
that can be expected to cause death in 50% of the test
animals, when admlnlstered by the route 1nd1cated (eral,
dermal, mhalatlon) It is expressed as a weight of
substance per unit welght of anlmal e. g.,,mg/kg

Lowest Dose Tested

Lowest Effect Level

Manufacturlng Use Product

Maxlmum Perm1551ble Intake

i o - 901689




MRID

NPDES
NOEL
oPP
PADI
ppm
RED
RS

TMRC

National Pollutant Disc

Master Record Idehtificition'(numbér). EPA'S system of
recording and tracking studies submittedrto,the Agency.

hargé'ﬁlimihétioh}System
No Observed Effect Level -
Office of Pesticide Prbgransq“ﬁ““‘”
Provisicndi‘AécéptaSIe’p?il?fiﬁtgké
Pa:tsgpér Mi11ion’ RO P

Reference Dbse

Registration Standard

Theoretical Maximum ﬁésidue;CQntribution




Executive Summary

The Environmeéntal Protectlon Agency (referred to as "the
Agency”") first registered sodium and calcium hypochlorntes as
chlorinated 1norgan1c d151nfectants for use as sanitizers and
disinfectants of surfaces,' as disinfectants of water, ‘and as
chemicals to control ‘microorganisms on certain foods and in certain
industrial processes.  All products which contain sodium and
calcium hypochlorite as an actlve 1ngred'ent _eligible for
reregistration except the uses on s sugar (the
processed commodity). The uses on 'su sugar (the
~ processed commodity) for calcium hypochlorlte as well as for sodium

hypochlorlte are not eligible for reregistration without the
acqulrlng of a food additive regulatlon from FDA.

In February 1986, the Agency issued a reglstratlon standard
entitled "Guidance for the Reregistration of Pesticide Products
Containing As the Acti ngredient Sodlum and Calcium Hypochlorite
Salts" (NTIS PBB? -10. ). The Reglstratlon Standard summarized
the available data supportlng the registration of sodium and
calcium hypochlorlte and determined that the data base was
complete. No additional’ data Weurequlred for the generic data
base in the 1986 Standard.
were cited only for those appllcants who wanted to develop their
own supportlng data rather than rely upon and offer to pay
compensation for the data cited in the Standard.

Recently, the Agency conducted a thorough review of the
scientific data base and all relevant information supportlng the
reregistration of sodium and calcium hypochlorlte and has
determined that the data base is complete and is sufficient to
allow the Agency to conduct a reasonable risk assessment. No
further generic data are requzred. ‘The data available to the
Agency support the conclusion that the currently reglstered uses of
sodium and calcium hypochlorltes will not result in unreasonable
adverse effects to the environment. No tolerances are required by
the Agency to support the exlstzng uses for the reglstered products
because sodium hypochlorite is listed as GRAS (40 CFR 180.2) and

calcium hypochlorite is exempt for the rgqulrement of a tc;erancebeﬂy,

under FFDCA sec. 408 (40 CFR 180.1054). ould
however, that even tho gh sodium hypcchlcrlte is listed as GRAS (40
CFR 180.2) and calci g“hypochlorlte is exempt under Section 408 of
the FFDCA from the requirements of a tolerance for use preharvest
or postharvest on raw agricultural commodltles ‘these exemptions do
not cover the uses of sodium and calcium hypochlorlte as food
additives in or on processed ff”nshwhlch is regulated under Section
409 of the FFDCA. The 1986 Standard regquired regxstrants to obtain

a food additive regulation for calcium hypochlorite in sugar syrup
and raw sugar (the processed commodity) fromiFDA within 12 months
d

from the date of issuance of the Standard lete the claim from
the appropriate produ labeling. Since this regulatlon was not
obtained, these uses must be deleted from the appropriate calciunm,

14 - 004691




as well as sodium hypochlorite product labeling within 8 months of
the date of this document or be subject to enforcement action.

Accordingly, the Agency has determined that all products
containing sodium and calcium hypochlorites as the active
ingredient are eligible”fdffre:égistratign“except the uses on sugar
syrup and raw sugar (the processed commodity) and will be
reregistered when appropriate labeling and/or product specific data

are submitted and/or cited. Those products which contain other
active ingredients will be eligible for reregistration only when
the other active ",ingredientsﬁ,af;ew determined to be eligible for
reregistration. R S

001692
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I.  INTRODUCTION

In 1988, the Federal 1Insecticide, Fungicide, angd
Rodenticide Act (FIFRA) was ‘amended to accelerate the
rereglstratlon of products with active 1ngred1ents reglstered ;
prior to November 1, 1984. . The amended Act provides a
schedule for the rereglstratlon proce to be completed in
nine years. ‘There are five phases to the reregistration
process. The flrst four phases of the process focus on
~ 1dent1f1catlon of data requirements to support the
reregistration of an actlve 1ngred1ent and the generation and
submission of data to fulflll the requirements. The fifth
phase is a review by the U.S. Environmental Protection Agency
(referred to as "the Agency") of all data submitted to support
reregistration.

Section 4 (g) (2) (A) of FIFRA states that in Phase 5
"the Administrator shall determlne whether pest1c1des
containing such active 1ngred1ent are eligible for
rereglstrat1on" before calling in data on products and either
,rereglsterlng'products or taking "other approprlate regulatory
action." Thus, rereglstratlon involves a thorough review of
the scientific data base underlying a pestlczde s
registration. The purpose of the Agency s review is to
reassess the potential hazards arising from the currently
registered uses of the pestlcxde. to determine the need for
additional data on health and environmental effects; and to
determine whether the pest;czde meets thep"no unreasonableMgM
adverse effects" crlterlon of FIFRA.

This document presents the Agency's decision’ ‘regarding
the reregistration of sodium and calcium hypochlorlte The
document consists of five sections. Section I is this
introduction. ' Section II describes sodium and ca1c1um
hypochlorite, its uses and regulatory hlstory. Section III
discusses the human health and environmental assessment based
on the data available to the Agency.' Section IV discusses the,
reregistration decision for sodium and calcium hypochlorite
and Section V discusses product reregistration. Additional
details concerning the Agency's review of available data are
available on request. ,

001693

EPA's reviews of speclfzc reports and lnformatlon on the
set of registered uses consxdered for EPA's analyses may
be obtained from: EPA, Freedom of Information, w
st., S.W., Washlngton, D C., 20460, B , , e ;




. II. ACTIVE INGREDIENT COVERED BY THIS

DOCUMENT

A,

IDENTIFICATION OF ACTIVE INGREDIENT

The followihg'aCtive‘ihgfediehts!éfé c6vefed;by this
Reregistxation Eligibility Document: o

Chemical Name: Sodium HYééChldiite”“‘

CAS Number: 7681-52-9 ,
Office of Pesticide Programs Chemical Code Number: 014703

Empirical Formula: Naocl =

Chemical Name: calcium'HypOChIOrite,
CAS Number: 7778-54-3 .
Office of Pesticide Programs Chemical Code Nﬁmper:‘014701

Empirical Formula: CaocCl2

SE PROFILE
Type of Pesticide: Chlorinated Inorganic Disinfectants

Pests Controlled: Bacteria, fungi, and slime forming
algae that are pathogenic to man and animals

Registered Use Groups: (See Appendix A for detailed
‘ R ‘ specific use sites).

- _Sediu ochlorite: ‘
Terrestrial Food Crop: citrus, apples, pears,
~Quinces, stone fruits, cherries, nectarines,
peaches, pecans, plums/prunes, melons, cucumbers,

peppers, = pimentos,  tomatoes(postharvest
application/seed t:éatheﬁt)]“\brussels\ sprouts,
cabbage, cauliflower, ‘artichokes, lettuce, carrots,
potatoes, radishes, sweetpotatoes, asparagas,
mushroons, onions, celery, peppers (seed treatment)

Terrestrial Feed Crop: citrus, apples, tomatoes
(postharvest application/seed treatment)
Terrestrial Non-Food o o
Aguatic Food Crop o
Aquatic Non-Food Residential

001694
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Aquatic Non-Food Outdoor
Aquatic Non-Food Industr1al
Indoor Food '

Indoor Non-Food

Indoor Residential =

Indoor Medlcal

Residential Outdoor

Terrestrial Food Crop‘“pecans (water treatment),
‘pecan (postharvest ‘ appllcatlon to i non-storedk,k
commodities), pimentos (seed, treatment) tomatoes -
(seed treatment), potatoes and sweet potatoes
(postharvest appllcatlon to non-stored;
‘commodities), mushrooms (foliar or soil treatment),
vegetables or post harvest application to
vegetables crops, fruit or post harvest application
to fruit crops, seeds (Agricultural),

Terrestrial Feed Crop"seeds (Agrlcultural)
Terrestrial- Non-Food Crop

Aquatic Food Crop

Aquatic Non-Food Industrial

Aquatic Non-Food Reszdentlal

Aquatic Non-Food Outdoor

Indoor Food

Indoor Non-Food

Indoor Residential

Indoor Medical

Re51dent1al Outdoor

Formulation Types Reglstered",

For Sodium Hzgochlor;t : Formulation 1ntermed1ate,

granular, wettable  powder, emulsifiable
concentrate, soluble concentrate, solution-ready to

use.

alci orite: Formulation intermediate,
'dust, granular, pelletted/tabletted, wettable
powder, wettable powder/dust, soluble concentrate,
solution-ready to use.

Sodium and calcium hypochlorites are well known.
compounds whose chemical and toxlcologlcal prOpertJ.es are
extensively documented in publlshed literature and
studies submitted to the Agency; In February 1986, a
Registration Standard was issued for‘sodzummanqwcalqlum

0041695
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hypochlorite which summarized the available data
supporting theirﬂregiStfhficn,;,The«standard;conclqded
that no additional scientific data would be necessary to
Support the registration or reregistration of products
which contain sodium hypochlorite from 5.25% to 12.5% or

calcium hypochlorite from 65% to 70% as the only active

ingredient, provided that no inert ingredients other than
water were added and that Toxicity Category I labeling is

used. The Registration Standard provided various options

to applicants who wanted to register or reregister sodium

or calcium hypochlorite products.  The options

1) Option I: Reliance on available data to support
registration of toxicity category I products and
adopt the generic labeling provided by the Agency.
(This option was the ‘'general Tregistration®
procedure'designed>£b”réducefproces§ing time and
costs to the Agency and registrants, while
continuing to assure human and environmental
protection. Only products containing 5.25%, 9.2%,
10%, or 12.5% sodium hypochlorite, or 65% calcium
hypochlorite as the sole active ingredients were
eligible for this option).

2) Option II: Either reliance on available data to
support registration of toxicity category I
products and submit their own labeling or
development of data independently to support
registration of toxicity category I products and
submit their own specific labeling; ’

3) Option III: Development of product specific data .
independently by registrants to support lower
toxicity categories II, III, or IV. R

um hypo

| chlorite and calcium
‘hypochlorite products were defined by the standard as
12.5% and 65%, respectively; and product chemistry and
acute'toxiC1EY”défé'déﬁéibpé&fﬁith”thgse,fotmulatigns
also could be used to support end-use products of the
same concentrations. The product chemistry and acute
toxicity data developed with these formulations would
also be extrapolated to support end-use concentrations of
sodium hypochlorite down to 5.25%, since they are simply
aqueous dilutions of the 12.5% manufacturing-use product.

Manufacturing-use sodi
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III. AGENCY ASSESSMENT OF ACTIVE INGREDIENT

;satlsfled  No further data we

The Agency has conducted a thorough review of the
scientific data base for sodium and calc1um hypochlorlte.
Based on the evaluation of these data, the Agency has no
reason to change the major flndlngs made in the 1986
document "Guidance for the Reregistration of Pesticide
Products Containing as the Active Ingredlent Sodium and
Calcium Hypochlorite Salts".  These findings are
summarized below: ' -

In the 1986 Reglstratlon Standard no additional data
were requ:.red on the product chemlstry of sodium or
calcium hypochlorlte.; . The product chemistry data
requirements listed in the standard were listed only for

those appllcants who wished to develop their own data

rather than rely upon and offer ;o‘pay compensation for
data cited in the standard. ~Calcium hypochlorite is a
dull white powder with a strong odor of chlorine. It is
a strong oxldant and has a critical ignitien temperature
of about 75° C Itfdecomposes violently above 150° C.

This chemlcal has a_ lar weight of 142.99. Sodium
hypochlorite is produced as a greenlsh-yellow'llquld with
the smell of chlorine. It is inherently unstable and its
decomposition is hastened pr1nc1pally by ‘light, heat and
trace metals. It is moderately corrosive and specific
packaging is essential. Sodium hypochlorite is a strong
oxidizing agent. This chemlcal has a molecular weight of

74.44 (anhydrous).  The Ag““cy has reevaluated the

product chemistry data base ‘and has determined that no

~additional data are requlred for rereglstratlon for.

products that were subject to the standard.‘,,

1. Toxicology Data Base

All current toxicological da a requlrements are
;requlred in the 1986
registration. standard (provxded that toxicity category I
labeling was used). The Agency has reevaluated the
scientific data base for sodlum‘and calcium hypochlorlte
and finds that the database >r the purpose of human risk
assessment is complete and no additional data are
required. = The available acuteu ,xlcxty ‘data are
sufficient to address the acute tox ty rlsk to humans
and the Agency has concluded “that ,
labellng is appropriate due _to

hypochlorite's known potentlal for_causxng damage to"d““

5. 001697 i




eyes. The Agency also COncludes ‘that no ‘subchronic or
chronic studies are needed. Thls conc1u51on is based on
the simple chemical nature and structure of sodium and
calcium hypochlontes and thelr high oxidative reactlvzty
with organic matter which converts them readily into
sodium chloride and calcium chloride. The human health
concerns relatlve to 'these inorganic ions are well
understood and the use of ‘these chemicals will not add
any addltlonal calcium or sodlum chlorlde murden for the
users. ,

The Agency is aware of the potent1al risk concerning the
formation of trihalomethanes, especzally in drinking
water, from the use of sodwum and calcium hypochlorite.
The Office of Drlnklng Water has addressed this risk by
setting a maximum contaminant level of 100 ppb for
trihalomethanes in drlnklng ‘water. The Agency believes
that this level is commensurate with an acceptable risk
determination and 1Jm1ts the dletary ~exposure to
hypochlorites.

2. Die : ;05   
a. Residue Data

The February 1986 Guidance Document llsted no residue

chemistry data reguirements for calcium or sodium
hypochlorite. Under 40 CFR  180.1054, <calcium
hypochlorite is exempted' N m the requlrement of a
tolerance when used preh st or pos‘tharvest in solution
on all raW'agrlcultural commodities. Sodium hypochlorite
is considered to be Generally Recognlzed As Safe (GRAS)
under 40 CFR 180.2. (The Agency intends to propose a
specific exemptlon from the requlrement of a tolerance

for sodium ~ hypochlorite on all aw. agrlcultural
commodities (RAC) under FFDCA sec. 408 and to delete the
GRAS l1st1ng from 180 2). Based on this, no residue

chemistry data are requlred for sodium or calcium

hypochlorlte under current sc1ent1f1c standards.w There

are no minor use concerns at present and there are no
codex, Mexican, or Canadlan MRL consu:ler;atlons with
respect to sodium or calcxum hypochlorlte.




b. Tolerance Reassessment

Sodium hypochlorite is considered to be GRAS under
40 CFR 180.2. The Agency ‘intends to propose a
specific exemption from the requirement of a
tolerance for sodium hypochlorlte on all raw
agricultural commodities (RAC) under FFDCA sec.
408, and to delete the’GRAshlw_tlng from 180.2. An
1nc1denta1 food addi regulation allowing the
use of sodium hypochlorlte as a terminal sanitizing
rinse on food processlng equlpment has been
established (21 CFR 178. 1010). Also, a food
additive regulatlon permlttlng the use of sodium
hypochlorite in washing or assisting in lye peeling
of fruits and vegetables has been established (21
CFR 173.315) by the Food and Drug Administration
(FDA). No new tolerances are necessary for the
existing uses of sodigm'hypOChlorite;

Calcium hypochlorite is  exempted from the
requlrement of a tolerance under FFDCA sec. 408 (40
CFR 180.1054) when preharvest or postharvest
in solution on all qr1cultural commodities.
The Agency has reevaluated this exemption and has
determined that it is still approprlate. Also, an
1nc1dental food addzt regulatlon allowing the
use of calczum hypoc orite as a terminal
sanitizing rinse on food process;ng equlpment has
been established (21 CFR 178 1010)

It should be noted, however, that even though
sodium hypochlorlte is considered to be GRAS and
calcium hypochlorlte is exempt under Section 408 of
the FFDCA from the requirements of a tolerance for
use preharvest or postharvest on raw agrlcultural .
commodities, these exemptions do not cover the uses
of sodium and calcium ‘hypochlorite as food\
additives in or on processed foods, which is
regulated under Sectlonk4o9 he FFDCA. The 1986
Standard required regi t" ‘to obtain a food o
additive regulatlon for calcium hypochlorlte in
sugar syrup and raw sugar (the processed commodlty)
from FDA within 12 months from the date of issuance
" of the Standard or delete the claim from ‘thewy
approprlate productw ,ellng This food additive
requlation has not been established for either

sodium or calclum hypochlorlte.

3. - 001699
The 1986 Guldance Document for sodlum and calc1um'w%J
hypochlorite did  not  Trequire reentry or




mixer/loader/applicator exposure monitoring data. Sodium
and calcium hypochlorite are chlorinated inorganic
disinfectants registered for use in laundry, swimming
pools, ponds, drinking water, and other water and
wastewater systems, on food and non-food contact
surfaces, and on various crops, including mushrooms
(pins), potatoes, and sweet potatoes (postharvest).
Based on current registered use patterns, the Agency has
determined that the potential for post application
exposure for sodium and calcium hypochlorite is minimal
and therefore does not meet the Agency's exposure
criteria’ for  requirement of reentry or
mixer/loader/applicator exposure monitoring = data.
Therefore, these data are not required to support the
reregistration of sodium and calcium hypochlorite.

~ Based on the acute toxicity of sodium and calcium
hypochlorite, 1label requirements for the use of
protective clothing, including safety glasses or goggles
and chemical-resistant gloves while handling end-use
products containing sodium or calcium hypochlorite as the
active ingredient remain as required in the 1586 Guidance
Document. Reentry levels for application of sodium or
calcium hypochlorite to swimming pools (3.0 ppm) and
spas/hot tubs (5.0 ppm) and reentry intervals for
spray/fog application to food and non-food contact
surfaces (2 hour reentry interval following application)
also remain as required in the 1986 Guidance Document.

Based on the above considerations concerning the
toxicology profile and exposure scenarios for calcium and
sodium hypochlorites it can be concluded that risks from
chronic and subchronic exposure to low levels of calcium
and sodium hypochlorites are minimal and without
consequence on human health. Risks for acute exposure to
high concentrations of calcium and sodium hypochlorites
may be significant with respect to eye and skin injury
but the Agency believes that these risks are sufficiently
mitigated by adequate precautionary labeling requiring
protection of eyes and skin while using calcium and

- sodium hypochlorites. ' '

_The environmental fate and ecological effects data

requirements have been satisfied for all currently

- registered uses eligible for reregistration. In the 1986
Registration Standard, it was determined that the

available fish and wildlife data were sufficient to

characterize the acute toxicity risks to non-target
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organlsms and that no subchronlc or chronlc data were
required. Many of these data requlrements were fulfllled
by the EPA Publication Ambjent Water Qua.
Chlorine by J. Tobler, et al; U.S. EPA, June 1981. Thus,
no further environmental fate or écological effects data
- were requlred

The data cited in the Standard are discussed below.
Upon reevaluation, the available data support the
conclusion that the currently reglstered uses of sodium
and calcium hypochlorite will not result in unreasonable
adverse effects to the environment. As dlscussed in the
Standard, the currently accepted uses that result in -
point source discharges of effluents containing sodium
and calcium hypochlorltes will continue to be regulated
through issuance of Natlonal,»,OIIutant Dlscharge

Elimination System (NPDES) permxt . “Such permlts are
tailored to a specific site or p01nt of discharge. The
Agency has determined <that the discharge amounts
permitted by the NPDES permlts, which are specific to
each site, will not pose 51gn1f1cant adverse effects on
non-target organxsms. ‘

sodlum and calcium hypochlorlte salts. Results,fromwthe,
avian acute oral studles (MRID 00007276, 00007403, and
00007496) 1nd1cate that the sodium and calczum salts are
low in toxicity to avian wildlife. The re ,
avian subacute dietary studies (MRID 00007275, 06007278,“
00007404, and 00007405) indicate that the sodlum salt is
practlcally'non-tox1c to. upland.game bxrds and.waterfowl.
‘Results from the fish acute t ity studies (MRID
00007400, 00007495 00008190, 00008191,‘and 00007401)
indicate that the hypochlorzte salts are highly toxic to
freshwater fish. The acceptable studles on the acute
toxicity to freshwater lnvertebrates '(MRID 00007279,
00007402, 00007495, and 00019313) indicate that the
‘hypochlorite salts are very highly toxic to freshwater
invertebrates. Although these fish and aquatic
invertebrate studles demonstrate hlgh toxicity to sodium

and calcium hypochlorite, ‘the Agency believes that these
risks are sufficiently  mitigated by adequate
precautlonary labellng and the NDPES permit requlrement

The results of these studles are listed below.W__Hﬂk,w

%, . ¢04701.
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Upland Game acute LD, 3474 mg/kg (Ca) Practlcally

Birds oral ' LDSo >2510 mg/kg (Na) Non-tcxlc
Ugland'Game SubacuteuLCso >5000 ppm (Na) - Practlcally
Birds and Dietary S ~ Non-toxic
Waterboi] P — : S

COld Water ~ acute LC O 132-1.35 ppm‘mMﬁiéhiylthic'

Fish toxicity (96-hr) - freshwater
(hypochlorlte salts) fish
Warm Water  acute LG 0.28-2.1 ppm  Highly toxic

F;sh ; toxicity (96-hr) freshwater
: : (hypochlorlte salts) fish

ghnla magna acute :m 0;03742.3 ppm Very hlghly

toxicity =~ '(48-hr) = toxic to
(hypochlorite salts) freshwater
: invertebrate

2. E viro menta ate'Assessme't

The February 1986 Guldance Document llsted no
environmental fate deficiencies for calcium or sodium
hypochlorite. The environmental fate d fequlrements_
for the hypochlorlte salts have been fulfllled by the\
document ent fo hl
(MRID 40911802), publlsﬂed by the Environmental
Protection Agency. No further env1ronmental fate data
were required in the 1986 Guldance,bo“ ent. A
reevaluatlng'the environmental fat the Agency
has determined that it will not requlre any additional
environmental fate ~data. In aqueous media, sodium
hypochlorite and calcium hypochlorlte produce
hypochlorous acid, hypochlorlte ions, and hydronium ions,
a reaction which is independent of the nature of the
counter cation (i.e., sodium or calcium). The amount of
hypochlorous acid, hypochlorlte and hydronium ions
present in solutlon“depends on the pH of the medium. The
data available 1nd1cate ‘that thewphotoly51s rate of
calcium hypochlorlte in aqueous solution increases with
increasing llght 1ntens1ty. Calcium hypochlor1te at 10
g/l has a half-life of 10-12 months and 4 months under
diffused daylight and ‘under dlffused dayl;ght w1th
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intermittent direct sunlight, respectively. Seawater has
a large capacity to consume hypochlorites.  Sodium
hypochlorite is expected to show a similar behavior.
‘When sodium hypochlorite is added to seawater, residual
~ chlorine levels declined rapidly in the first hour. The
rapid initial decline wa owed by a much slower and
continuous decline in orine levels. The

available data indicat

reaction with b:
hypobromite. This re ppea
complete within 2.5 minutes.

1 A nutes. 1€ "hypobromite is
acutely toxic to aquatic organisms, from a chronic

viewpoint it does not appear to be toxic because it is

o e
ions in seawater to form =

highly volatile and will not persist in the aquatic

environment. (Halflife is 1
‘The Agency believes that the of acute exposu
aquatic organisms is sufficiently mitigated by adequate

han 96 hrs in water).

precautionary labeling and the NDPES permit requirement.

Although no exﬁqsﬁre; ‘bicaccumulation, or
volatility data are available to quantitatively assess
the potential for exposure of wildlife to the

hypochlorites, the use patterns indicate that most

exposure will occur in the aquatic environment, and that

significant amounts of

environment will not oceur. = =

The available data are considered suf
assess the environmenta "of the hypochlorite
and the data support t!
registered uses of sodi
not result in unreaso dverse eff
e SRR R

“EPLt the-cucfently
hypochlorite will

11

hypochlorites in the terrestrial

the



A. 'DETERMINATION“OF“ELIGIBILITY"'“

Section 4 (g) (2) (A) of FIFRA calls for the Agency to
determine, after submission of relevant data concernlng an
active ingredient, whether products contalnlng the active
1ngred1ent are eligible for reregistrati The Agency has
prevmously identified  and requlred the submission of the
generic (i.e., active 1ngred1ent specific) data required to
support reregistration of products contalnlng sodium or
calcium hypochlorlte as an active 1ngred1ent. The Agency has
completed its review of these generic data, and has determined
that the data are suffxczent to support reregistration of
products contalnlng sodium or calcium hypochlorite. Appendix
B identifies the generlc data requirements that the Agency

reviewed as part of its determination of: reregistration
eligibility of sodium and calclum hypochlorltes and lists the
submitted studles that the Agency found acceptable.

The data 1dent1f1ed in Appendlx B are sufficient to allow
the Agency to conduct a reasonable risk assessment for the
registered uses of sodium and cal rhypochlorlte. The data
available to the Agency support the conclusion that the
reglstered uses of sodium and calczum,hypochlorlte will not
result in unreasonable adverse effects to the environment.
The Agency has determined ‘that all products containing sodium
and calcium hypochlorztes as the actzve ‘1ngred1ent are
eligible for reregistration except the uses on sugar syrup and
raw sugar (the processed commodlty) ~ The uses on sugar syrup
and raw sugar (the processed commodzty)'{or sodlum and calcium

" (see
Section III(B)(Z)(b) of thls document) ’ Slnce this regulation
was not obtained, these uses must be deleted from the
appropriate product labellng wlthln 8 months of the date of
this document or be subject to enforcement action. The
reregistration of partlcular products is addressed in section
V of this document ("Product Reglstratlon")

The Agency made ‘ lts rereglstratzon ellglblllty
- determination based upon the target data base required for
reregistration, the <current guidelines for conducting
acceptable studies to generate such data, and the data
identified in Appendix B. Although the Agency has found that
products contalnlng sodium and “ca1c1umk hypochlorite are
eligible for rereglstratlon, it sh d understood that the
Agency may take approprlate regulato ct;on,rand/or regulre
the submission of additional data to Ssupport rereglstratlon of
products containing sodium or calczum hypochlorite, if new
information comes to the Agency' s attention or if the data
requlrements for reglstratlon, (or the guldellnes for

12 ) @01704
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 generating such data) change.'

B.

ADDITIONAL GENERIC DATA REQUIREMSNTS

The generlc data base supportlng ‘the rereglstratlon ‘of
products contalnlng sodium or calcium hypochlorltes has been
reviewed and determined to be complete for reregistration. No
further generlc data are requlred o

c.

LABELING REQUIREMENTS FOR MAN R s
'CONTAINING SODIUM OR CALCIUM ‘RYPOCHLORITES

The labels and labellng of all products must comply wlth
EPA's current regulatlons and requirements. Follow the
instructions in the Product Rereglstratlon Handbook with
respect to labels and labellng Any product label which

allows both manufacturing and- end use must be amended to
specify glx manufacturing or end use. In this
situation, if a registrant amends his/her 1label to

specify manufacturlng use only and wishes to retaln end
use registration, he/she’ must apply for a separate end-
use product reglstratlon.

Based on the reviews of the generic data, the following
additional label statements are required:

&, In the directions for use, the follow1ng statement

must appear:

"Formulators u51ng thls product are respon51ble for
obtaining EPA reglstratlon of thelr formulated
products.”

b. In the directions for use, the followlng statement
regardlng acceptable use patterns must appear'

"For formulation into end-use products lntended

only for (l;st gccggt 11 m§;§§§)

c. The following Environmental Hazard statement is

required for any use that results 1n dlscharge into
the aquatic envxronment*

"This pestxcxde 1s tox;c to flsh and aquatlc
organisms. Do not dlscharge effluent containing
this product into lakes, streams, ponds, estuaries,
oceans or’ publlc waters unless this product is

JRING-USE PRODUCTS

spec1f1ca11y identified and addressed in an_ NPDESf_r

permit. Do not discharge effluent conta '
product to sewer systems ‘without 5 reviously

001705
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notlfylng the sewage treatment ‘plant authorlty
For guidance contact your State Water Board or
Reglonal Office of the EPA weeer s '

d. Because of the corr051ve nature of sodlum and
calcium hypochlor;te and the potential for severe
eye and skin damage from accidental spills of these
chemicals, EPA is requiring that the Statement of
Practical Treatment appear on the front panel of
all products which have been assigned toxicity
category I tor eye’ and/or skxn effects.

e. The "“If 8wallowed" statement ln the statement of
practical treatment must read as, fOllOWS'yw,‘ﬂpw

‘"IF SWALLOWED,. drlnk large amounts of water. DO
NOT induce vomltlng. Call a physician_ or poison
control center 1mmed1ate1y."

PRODUCT REREGISTRATION

A.  DETERMINATION OF ELIGIBILITY

Based on the reviews of the generic data for the

active :mgredlents, sodium and calcium hypochlorites, the
products containing this active ingredient are eligible
for reregistration. Section 4(g)(2)(b) of FIFRA calls
for the Agency to obtain any needed,product-speclflc data
regarding the pestlclde after a determination of
ellglblllty has been made. The Agency will review these
data when they have been subm;tted and/or cited and
determine whether to rereglster 1nd1v1dual products.

-y

For products ‘that meet the criteria of the 1986”NAt

standard and wvere reglstered or'rereglstered.under option
I (the "general Reglstratlon" procedure) (the reglstrant
relied on available data to support registration of
Toxicity Category I P oducts and adopted the generic
labeling provided by the Agency),”or option II (the
reglstrant either relied on available data to support
registration of T0x1c1ty Category I products and
submitted their own SPQCIflc labeling or developed data
1ndependently to "~ support registration of ‘toxicity
category I products and submitted their own specific
labeling) , the Agency is 'requiring that 1labels
reflecting the changes stated within this document and
CSFs be submitted within 8 mo; ,,of re eipt of this
document. Upon receipt and approval of revised labels
and CSFs, these products, will be rereglstered under

‘section 4(g).

¢c041'706
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For products that do 1__1; meet the ycrlterla of the
1986 Standard, (i.e. products whose conced 1tions of the
a.i. fall outside the range speclfi d by the standard for
sodium hypochlorite 5.25% - 12.5% and for calcium
hypochlorlte €5% - 70%; produ “ts with 1ntent1onally added
inert ingredients other’ than water; and products which
are mixtures with other act1ve 1ngred1ents) , the Agency
is requiring that the regzstrants either submit product
~ specific data or cite previocusly submitted data to
~ support their regxstrations and submit rev;sed labeling
and CF8s within & months of receipt of this document
before the products will be considered for
reregistration. After rev:.ew:.ng these data and the
revised labels, the Agency will determine whether to
reregister each product based on whether or not it meets
the requ:.rements in section 3(c)(5) of the Federal
Insecticide, Fung1c1de,"‘ and Rodenticide Act. Those
products which contain other active ingredients will be
eligible for reregistration only when the other active
1ngred1ents are determined to be eligible for
rereglstratzon. - ’

- While the Agency Wlll contlnue to register sodium
and calcium hypochlorlte products as dlscussed above
under the provisions of the F +'4 '
Standard, EPA does not pl‘a e further amendments
to that document. Consequently, EPA will no longer
consider amendments to general registration (Series
20,000) 1labeling for the purpose of adding uses or
language inconsistent with that Standard. Applicants who
wish approval for such amendment must apply for a new
product. reglstrat:.on and will be as signed a conventicnal
reg:.stratlon number upon acceptance. '

B. PRODUCT SPECIFIC DATA REQU;I‘R‘EMENTS .

The product-specific data requirements are stated in
the attached appendices. For those products that were not
subiject to t 986 Registration Standard (which include
those products whose concentrations of the a.i. fall
outside the range covered by the standard for sodium
hypochlorite 5.25% - 12.5% and for calcium hypochlorite
65% - 70%; those products w,lth,v kaddltlonel _inert
ingredients other than water, and those products which
are mixtures with other active ingredients) the
registrant is responsible for either submitting data or
citing previous ta bmitted to support his
registrations. of products which were
subject to the 1986 reglst,atz.on standard do not need to
submit or cite -data since they did so already in
complying with that standard

c04iv07?
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The Agency has decided toc continue its current
pollcy of waiving the product by- product efflcacy data
requirement normally levied on sanitizers and
disinfectants for sodium and calcium hypochlorite
formulations. " The Age: 'y‘ has concluded that the

rpubllshed literature data can reasonably be extrapolated
to the full range of these products.f’

C. LABELING REQUIREMENTS FOR H,V“”

1. The labels and labeling of all products‘muSt comply
with EPA's current regulatlons and requlrements
“Follow the = in
Reregistration Hand!} pe:
labeling. Any product label which allows both
manufacturing and end use must be amended to
spec1fy only manufacturlng or end use. In thls
‘51tuat1on, if a reglstrant amends his label to
specify end-use reglstratlon and wishes to retain
manufacturing use registration, he must apply for a
separate manufacturlng use product reglstratlon

2. Because of the corrosive nature of sodzum and
calcium hypochlorzte and the potential ‘for severe
eye and skin damage from accidental spills of these
chemicals, EPA is requiring that the statement of
Practical Treatment appear on ‘the front panel of
all products which hav ,_been assigned toxzcxty
catogory I for ey- and/or s in offects. ‘ o

3. The "If Swallowegﬂﬁagatsm'”t;mustﬂzﬁeéwgsg§9l19W§}?

"IF SWALLOWED, drink large amounts of water. DO
NOT induce vomiting. Call a physician or poison
control center 1mmed1ately."~

___PRODUCTS

4. The 1986 Reglstratlon Standard stated that

appllcants whose product labellng contalns use in

sugar syrup and raw sugar must obtain a food

additive regulatlon to support these uses as.
required by the prov151ons of the Federal Food Drug
and Cosmetic Act (21 CFR ‘173 Subpart D -SpeC1f1c
Usage Additives). Since this regulation was not
obtained, reglstrants;,whose, product labeling

contains the food additive _claim for calcium

hypochlorzte in sugar syrup and raw sugar (the

processed commodlty) must delete this claim from

the appropriate calcium, " as well as,‘sodlum

hypochlorite labeling within 8 months of the date

:% .

16 B
6 ,001708




of this document or be subject to enforcement
action. ‘ ' -

The following Environmental Hazard statement is

required for any use that results in discharge into
the aquatic environment: :

"This pesticide is toxic to fish and aquatic
organisms. Do not discharge effluent containing
this product into lakes, streams, ponds, estuaries,
oceans or public waters unless this product is
specifically identified ar e s “ '

permit. Do not discharg

g

product to sewer systems without " previously

notifying the sewage treatment plant authority.

For guidance contact your State Water Board or
Regional Office .of the EPA."
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